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Summary
A procedure for the dispersal of rat lung into individual 
cells has been described. Further fractionation of these cells 
yielded populations enriched in Type II alveolar epithelial 
cells. These preparations maintained the ability to consume 
oxygen and oxidise glucose but progressively lost the ability 
to accumulate paraquat and putrescine. It is suggested that 
lung cells, isolated by these methods, are not suitable for 
the quantitative study of specific functional activities.
The accumulation of both paraquat and putrescine, into 
rat lung slices, has been compared in animals from different 
sources and after perfusion or lavage. It is proposed that 
both compounds are accumulated by a common uptake system.
The accumulation of putrescine into rat lung slices has
been observed to obey saturation kinetics (apparent Km = 11.5/*-Mi
V = 331 nmol/g wet wt lung/hr) for low substrate concentrations max
( < 100 y«M).
Structure-activity studies, to characterise the requirements 
for inhibition of putrescine accumulation into rat lung slices, 
have indicated that inhibitors should possess 1, and preferably 
2, cationic sites separated by a distance of at least k carbon 
atoms. The most potent inhibitors found were agmatine and the 
anti-leukaemic drug, methylglyoxal bis (guanylhydrazone),
(methyl GAG). Diamines which had an(X-carboxylic acid (e.g. 
ornithine) were not effective inhibitors. The potential of
methyl GAG to reduce paraquat toxicity in vivo has also been 
investigated.
The accumulation of paraquat and the endogenous polyamines 
into human lung slices, by a common uptake system, has also 
been demonstrated. Putrescine accumulation also obeys 
saturation kinetics in man (apparent Km = 2--11yuM, = 99-2.4-9 nmol/
g/hr), at.low substrate concentrations (< 1 mM). This system 
appears very similar to that in the rat lung.
The accumulation system described appears different to 
those responsible for monoamine uptake in the lung, o.r amino 
acid uptake in other tissues. However, apparently similar 
polyamine uptake systems have been described in a number of 
tissues including brain.
Abbreviations and Trivial Names
Putrescine - 1,4 Diaminobutane
Spermidine - N-(3*-Aminopropyl)>-1,4 diaminobutane
Spermine - N,N*-Bis(3-amino propyl)1,4 diaminobutane
Methyl GAG - Methylglyoxal bis (guanylhydrazone)
DNA - Deoxyribonucleic acid
PNA - Ribonucleic acid
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1.1.1 The Cells of the Normal Lung
Introduction
The mammalian lung is an extremely heterogeneous organ 
which has been shown to contain over 40 different cell types 
(1). For this reason the potential functional and biochemical 
diversity of these cells must be taken into account when 
considering the gross toxicology of the lung. It is expedient 
to divide the organ into functional zones, the basis of which 
is not only the architecture but also the cellular content.
The major zones are the large airways, the bronchiolar 
epithelium, the alveolar epithelium, the pulmonary interstitium 
and the capillary endothelium. In addition the lung also 
contains many lymphoreticular (including pulmonary macrophages), 
nervous, mesothelial and endothelial cells (1,2,3»4).
The experimental data presented in this thesis was 
obtained using two types of lung preparation, isolated cells 
and slices, both from the peripheral regions of the lung.
Further discussion will therefore be limited to the zones and 
cells which compose the major content of these preparations.
1.1.1.a. The Cells of the Bronchiolar Epithelium
Four basic cells types have been reported in the bronchiolar 
epithelium'ciliated cells; Clara cells; brush cells and endocrine 
type cells (3)* The first two of these cell types are the most 
common and will be described here.
In mammals the ciliated cell of the bronchiolar epithelium 
appears columnar with a central nucleus and a well-developed 
G=olgi apparatus. The apical surfaces of these cells are 
covered by two types of•projections, microvilli O.fym in length, 
and cilia 3-^.m in length and 0.3pm in width (3i5)« The 
purpose of these cilia in the respiratory epithelium is the 
propulsion of mucus and thus they have a protective effect.
Their structure and mode of action has been reviewed (3)»
The second group of cells, the Clara cells, are characterised 
by their luminal cytoplasmic projections which protrude above the 
cilia of the adjacent ciliated cells (5)* The nucleus of the 
Clara cell is located at the base of the cell and the cytoplasm 
is rich in smooth endoplasmic reticulum but not in rough endo­
plasmic reticulum (6). The cells possess permanent Golgi 
apparatus, numerous mitochondria and secretory granules. This 
last group of organelles appears under electron microscopy as 
one of two shapes, either round or rod-shaped. Granules of each 
shape have been reported to contain either fibrillar or crystalline 
material (7). Both types of secretory body, it has been suggested, 
contain basic protein which is secreted by exocytosis into the 
bronchiolar lumen and is possibly a constituent of mucus (3). 
Another role for the Clara cell has been suggested to be the 
renewal of the bronchiolar epithelium (8,9)- Evans and Coworkers 
(8,9) have identified an intermediary cell group formed from 
Clara cells, following nitrogen dioxide induced injury, which 
they believe develops into Clara cells and subsequently into 
ciliated cells. This is apparently a reparative function to 
replace those cells damaged by the nitrogen dioxide treatment.
1.1.1.b The Cells of the Alveolar Epithelium
The alveolar epithelium is composed of three cell types:
Type I or membranous pneuraocytes which cover the majority (90%) 
of the surface of the alveolar zone; Type II or granular 
pneumocytes, the progenitors of Type I cells and secretors of 
pulmonary surfactant;and Type III or alveolar brush cells.
The Type I cells are thin (0.1 - 0.2/^ m) cells which 
spread over a distance of 30/^m or more from their nuclei in 
leaves over the alveolar surface. The cells may have a number 
of apical areas thus giving the impression of being non-nucleated 
As a result of this complex- structure they are too highly 
differentiated to undergo division (2,10).
The Type II cells are cuboidal and smaller than Type I 
cells, with no lateral cytoplasmic extensions and their surfaces 
are covered with microvilli. There are roughly tv/ice as many 
Type IIfs as Type I cells (14.1% vs. 8.3%) in the lung (4,11). 
Electron microscopy has shorn that the cytoplasm of Type II 
cells is rich in organelles. The most characteristic of 
these are the lamellar bodies which are thought to be important 
in the regulation, production and secretion of pulmonary 
surfactant (12,13) which forms a protective film over the 
alveoli. The second important role of the Type II- cells is 
that they are progenitors of Type I cells and hence after 
damage to Type I cells they are responsible for the repair of 
the alveolar epithelium (12,14).
The third type of alveolar epithelial cell - the Type III 
or alveolar brush cells is the least common of the three (2).
The cell is characterised by blunt, squat microvilli and 
bundles of fine filaments throughout the cytoplasm. It is 
apparently similar to the tracheal brush cell and its role 
is unclear. However, it is suggested that it might have a 
receptor function (2,15)-
1.1.1.c The Cells of the Septal Interstitium
This region, the interstitium, lies in the space between 
the alveolar epithelium and the capillary endothelium, and 
accounts for 39% of the cells of the normal rat lung (4). 
Interstitium occupies nearly half of the blood-air barrier, 
the remainder being formed exclusively by direct contact between 
the alveolar epithelium and the capillary endothelium 
(2,4). The majority of the cells of the septal interstitium 
are fibroblasts, which are concerned with the production and 
maintenance of connective tissue fibres (i.e. collagen and elastin) 
(4). A second cell type, the pericyte, is also commonly observed 
and is associated with capillaries. Pericytes are enclosed in 
basement membrane and are most closely comparable to smooth 
muscle cells (2,3 j 4). Occasionally cells resembling mast cells 
and unmyelinated nerve fibres have been noted in the septal 
interstitium of the normal lung. In pathological conditions 
lymphocytes and plasma cells have also been observed in this 
region (2,3,4).
1.1.I.d Tie Capillary Endothelium
The capillary endothelium is composed of a continuous 
sheet of squamous cells 0.1 - 0.1 yum thick, which are poor 
in cytoplasmic organelles and are similar to capillary cells 
found in other organs (2). Endoplasmic reticulum, mitochondria 
and Golgi complexes are found in the immediate vicinity of the 
nucleus and intercellular junctions (10). Characteristic of 
the capillary endothelial cells are small cytoplasmic vesicles 
which function as vehicles for the transendothelial transport 
of small protein molecules (2,3?16).
1.1.1.e Alveolar Macrophages
Mature alveolar macrophages are found either free in the 
alveoli or adhered to the alveolar wall, usually over Type I 
cells (2,3*4). The majority of these cells derive from extra 
pulmonary sources, the bone marrow (17) and to a lesser extent 
the liver and spleen (3)- Monocytic precursors are transported 
into the interstitium, from the blood, where they apparently 
mature into alveolar macrophages before migrating into the 
alveoli (18,19). In addition, however, macrophages may 
undergo mitosis in the lung to provide another source of new 
macrophages (2,18,19). The primary function of alveolar 
macrophages, the phagocytosis of foreign material in the lung, 
is well documented (2,3*4), Ultrastructurally the cells 
contain many mitochondria and polymorphous cytoplasmic granules. 
These granules may appear as myelin whorls which are very
similar to, but less regular than, the lamellar bodies of 
Type II cells (2,4). The finding that these whorls contain 
acid phosphatase and esterase (3) suggested that their role 
might be surfactant removal, although this has not been 
shown experimentally.
1.1.2. Biochemical Processes of the Normal Lung
The primary function of the lung is the exchange of 
gases between the atmosphere and the blood. To achieve 
this aim the lung has evolved into an extremely complex 
organ and it is a major purpose of lung cells to maintain 
this structure. The biochemical processes of the lung 
are therefore directed towards this aim.
1.1.2.a Oxygen Utilisation by the Lung
The lung consumes oxygen at a rate (per unit dry weight) 
comparable to skeletal muscle and intestine but much lower 
than heart, kidney, brain or liver (20). The major proportion 
of oxygen utilisation is related to mitochondrial oxidative 
phosphorylation (20) and the subsequent production and 
maintenance of intracellular energy stores. The major forms 
of energy storage of the lung are the synthesis of phosphorylated 
adenine nucleotides (AMP, ADP, ATP). The maintenance of normal 
energy stores is vital to the function of the lung and thus 
exposure to compounds v/hich interfere with normal oxidative 
pathways (e.g. oxygen, ozone, nitrogen dioxide or paraquat) 
may cause lung damage.
Other significant pathways of oxygen utilisation in the 
lung are 1) oxygen transferases and mixed function oxidases, 
including protaglandin synthesis and cytochrome P-450 mediated 
drug metabolism, 2) non-mitochondrial electron-transfer oxidases
e.g. the metabolism of 5-hydroxytryptamine by monoamine oxidase 
and aldehyde oxidase (20). These two pathways represent 5-10% 
and 1-4%, respectively, of the total oxygen consumption by the 
lung.
1.1.2.b Glucose Utilisation by the lung
The major fate of glucose in the lung is the production 
of lactate (30-40% of the total utilised glucose), a surprising 
- finding in view of the aerobic surroundings of the lung. CO^ 
accounts for 20-25% of the utilised glucose however energy 
production by glycolysis only represents a small fraction of 
the total energy generated in the lung (21). The incorporation 
of glucose into lipid accounts for 5% of the total utilised 
glucose and incorporation into amino acids and protein for 
10% (21). Glucose is probably the main source of pulmonary 
glyceraldehyde-3-phosphate, a precursor of phosphatidyl choline 
ivhich is the major phospholipid component of surfactant. Pentose 
phosphate pathway activity represents approximately 4% of glucose 
utilisation in the normal lung, however stimulation of this 
pathway rapidly occurs following exposure to oxidising agents
(21,22,23). Otherwise, there is little apparent control of 
glucose metabolism in the lung: the Pasteur effect is minimal;
insulin has no effect and although fasting reduces incorporation 
of glucose into lipids in the lung, refeeding does not stimulate 
glucose metabolism. It was suggested therefore, that in the 
majority of the lung, the purpose of glycolysis is not energy 
production but is primarily the production of precursors for 
other biochemical pathways. In view of such'a finding it 
has also been proposed that the major energy substrates of the 
lung are fatty acids and amino acids, rather than glucose (21).
It is difficult to extrapolate from the observed pattern 
of glucose metabolism found in the lung as a whole to that in 
individual cells, however it is apparent that certain pathways 
may take on a greater significance in cells with a specific 
function. Thus, one might expect a greater than average 
conversion of glucose to lipid in the alveolar Type II cells, 
as these are involved in the production of phosphatidyl choline 
for pulmonary surfactant (13) •
The pentose phosphate pathway of the lung deserves 
particular consideration as it apparently has a protective role 
against oxidation. A function of this pathway is the production 
of NADPH in the cytoplasm which is required by a number of 
biosynthetic pathways (e.g. fatty acid and phospholipid 
synthesis) as a source of reducing potential. Another requirement 
for NADPH is in the maintenance of reduced glutathione (Fig. 1). 
Stimulation of pentose phosphate patlway activity has been 
reported in the lung following exposure to oxidising agents
(21,22,23). The activity of glucose-6-phosphate dehydrogenase,
a key enzyme in the pathway, is also stimulated by exposure 
to oxygen (21). It would therefore appear that a major 
function of the pentose phosphate pathway in the lung is 
in the maintenance of the lung's antioxidant defence 
mechanisms.
1.1.2.c The cellular localisation of specific biochemical 
processes in relation to cellular function in the 
lung
In view of the extreme cellular heterogeneity of the 
lung, biochemical functions may be highly localised. 
Identification of such cellular localisation of specific 
enzymes in situ requires histochemical or similar techniques, 
although findings may perhaps be subsequently verified using 
isolated cell preparations. The majority of this section 
will therefore outline the cellular localisation of biochemical 
pathways identified by histochemical methods. More detailed 
reports of the distribution and activities of specific enzymes 
in the lung are available in the literature (24,25)*
•i. Endothelial cells and Type I alveolar epithelial cells
Both of these types of cells contain low levels of the 
constituent enzymes of glycolysis, the krebs cycle and the 
pentose phosphate pathway (25). In endothelial cells the 
most active enzyme identified histochemically is cytochrome 
oxidase, although its activity correlates with their low 
oxygen requirement. As a whole, the metabolic activities
of these cells correlate with the lack of organelles observed 
ultrastructurally and imply that the cells have sufficient 
activity for their own metabolic requirements (3,23*26).
The cells of the capillary endothelium are also apparently 
able to accumulate and metabolise vasoactive amines, nucleo­
tides, peptides and prostaglandins (3*27,28). However, 
recently Etherton and Conning (23)* unable to identify 
certain relevant enzymes (Monoamine oxidase, prostoglandin 
dehydrogenase) in these cells, suggested that the site of 
certain of these metabolic activities might be the septal 
interstitium.
•ii. Septal Interstitial Cells
As a whole, septal interstitial cells appear slightly 
more metabolically active than neighbouring endothelial 
or Type I epithelial cells (25). Other than being able to 
satisfy their own basic metabolic needs, the cells of the 
interstitium have high levels of two specific enzymes; 
acid hydrolase and prostaglandin dehydrogenase (25). The 
presence of the former of these enzymes suggests that the 
cells may have a phagocytic role in support of free macrophages. 
Such activity is consistent with the view that alveolar 
macrophages derive from the pulmonary interstitium (18,19).
The latter enzyme,prostaglandin dehydrogenase, suggests that 
the pulmonary interstitium may be the site of the inactivation 
and metabolism of prosia glandins in the lung (29) previously
considered to take place in the cells of the capillary 
endothelium. Based upon this finding, Etherton and Conning 
(25) have proposed that the interstitium might also be the major 
site of metabolism of other hormones including the vasoactive 
amines. It has not been possible, to date, to demonstrate 
histochemically significant monoamine oxidase activity in 
endothelial or interstitial cells (25), a finding in contrast 
to the high levels of monoamine oxidase activity reported in the 
isolated perfused lung (30,31)- This discrepancy suggests 
that it may be the histochemical assay which is at fault and 
thus the proposal of Etherton and Conning (25) cannot as yet be 
fully evaluated.
.iii.,Alveolar Epithelial Type II cells
The Type II cells appear histochemically to be the most 
metabolically active cells of the alveolar capillary region, 
with the exception of the Clara cells (3,25)- The enzymes 
of the major metabolic pathways (glycolysis, Krebs cycle and 
pentose phosphate pathway) show high activity in these cells
(1,3,24,25). The cells also contain a range of lysosomal 
enzymes including acid phosphatase -glucuronidase, aryl 
sulphatase and non-specific esterases. Alkaline phosphatase 
is found, apparently associated with the plasma membrane (3,25). 
The wide metabolic potential of Type II cells has led to a 
number of proposals about their function in the lung. The 
ultrastructural characteristic of Type II cells is their 
lamellar cytoplasmic inclusions which contain pulmonary
surfactant. The major phospholipid component of surfactant 
is dipalmitoyl phosphatidylcholine an unusual mammalian 
phospholipid (32,33)* The demonstration, by electron 
microscopic autoradiography, that precursors of dipalmitoyl 
phosphatidylcholine, palmitate and choline, are incorporated 
into lamellar bodies (34, 13) has led to the widespread view 
that surfactant synthesis is a role of the Type II cells. This 
view interprets the purpose of the cells' lysosomal activity as 
being to produce ruptures of the cell membrane to permit 
surfactant secretion.
Proposed alternative roles for the Type II cells, based
upon their high lysosomal activity, are uptake and metabolism
of surfactant (25) and as precursors of alveolar macrophages 
(35,3), but there is little other evidence to support these 
views.
Another role for the Type II cells is as stem cells of 
Type I alveolar cells. Widespread evidence of proliferation 
of Type II cells following toxic damage to Type I cells and 
the subsequent renewal of the alveolar lining supports this 
role (Chapter 1.2.b).
.iv. Alveolar Macrophages
The function of the alveolar macrophage is the phagocytosis 
and degradation of foreign and unwanted material in the lung. 
Biochemically these cells are suited to this role having 
extremely high lysosomal activity. The activity of acid
phosphatase is considerably greater in these cells than in 
any other alveolar cell type (25). Histochemical evidence 
also suggests that alveolar macrophages have relatively low 
rates of glycolysis, Krebs cycle and the pentose phosphate 
pathway (25).
,v. Bronchiolar Epithelial Cells
The activities of the enzymes of glycolysis, the Krebs 
cycle and the pentose phosphate pathway appeared high, when 
measured histochemically, in both ciliated and Clara cells
(24,25), although they were higher in the latter cell type.
The enzyme profiles of the two cell types appeared histochemically 
very similar and it has been suggested that the apparent presence 
of certain enzyme activities in ciliated cells may be due to 
diffusion artefacts (25)- In the Clara cell strong esterase 
and, acid and alkaline phosphate activities have been 
demonstrated (3,25) suggesting that the cells have a secretory 
or phagocytic role. The demonstration that the cells have a 
high rate of fatty acid incorporation and turnover (25,36) 
suggests the former. An ultrastructural characteristic of 
Clara cells is the occurrence of cytoplasmic osmophilic granules, 
apparently of a secretory nature. Petrick and Collet (37) 
demonstrated the incorporation of acetate and leucine, but not 
choline, into Clara cell secretory granules, and Kuhn (5) reported 
that they contained little or no lipid. Findings such as these 
have led to the proposal that the Clara cells secrete a protein 
material which forms a part of the hypophase of the epithelial 
lining. *
Studies with the pulmonary toxin 4-Ipomeanol or carbon 
tetrachloride and, more recently, with fluorescent antibodies 
have indicated that the Clara cell is a primary locus of 
cytochrome P-450 dependent monooxygenase activity in the lung
(38,39,to).
1.1.2.d The Uptake of Circulating Amines by the lung
The pulmonary accumulation of 5-hydroxytryptamine and 
noradrenaline from the blood circulation in vivo (41,42) and 
in isolated perfused systems (30,43,30,44) is well documented.
The two amines are accumulated by systems with much in common. 
Both are energy dependent, saturable, sodium dependent and 
inhibited by cocaine or tricyclic antidepressants (30,43,44,45) 
but they do not share the same carrier and are not mutually 
inhibitory (45). Noradrenaline uptake is not inhibited by 
citaloprara (46) or oxygen induced damage (47) both of which 
reduce uptake of 5-bydroxy tryptamine. The site of uptake 
of 5-hydroxytryptamine is distributed evenly along the endo­
thelium of the pulmonary blood system (27), whereas noradrenaline 
uptake is located primarily in the endothelium of the pre- 
and post capillary vessels and large veins and also the 
vascular smooth muscle (44).
Once accumulated, both noradrenaline and 5-bydroxytryptamine 
are metabolised by monoamine oxidase and catechol-o-methyl- 
transferase (45). The uptakes are not dependent upon this 
action and are not inhibited by the presence of inhibitors of 
monoamine oxidase.
Other vasoactive amines including adrenaline, dopamine 
and histamine are only poorly removed from the circulation 
by the lung (4-5).
At least two other systems have been described in the 
lung which are able to account for the accumulation of 
circulating endogenous and exogenous amines. The tricyclic 
antidepressants, including imipramine, are accumulated into 
lung by a non-carrier mediated system which is not energy 
requiring but is based upon diffusion and binding (4-8). 
Adrenaline andyB-phenylethylamine are both accumulated by a 
mechanism which incorporates a diffusion-binding component 
and an energy dependent component (48,4-9). These data suggest 
that there are at least four mechanisms by which amines may be 
removed from the pulmonary circulation.
Chapter 1.2. Chemically Induced Lung Damage
a. The bronchiolar epithelium'
b. The alveolar epithelium
c. The capillary endothelium
d. The general mechanisms of generation
of reactive metabolites of 
pulmonary toxins
1*2. Chemically Induced Lung Damage
Many chemical agents have been demonstrated to cause lung 
damage following exposure either via inhalation or the blood 
stream (Reviews; 26, 50, 5^? 52* 53)» The alveolar surface 
(1m /kg body weight) is the largest region of the body in 
contact with the external environment and the lung is also 
"exposed to the entire cardiac output. Thus, this organ is 
constantly exposed to a wide variety of potentially damaging 
agents. The nature of observed toxic damage in the lung may 
fall into one of a number of patterns which are dependent upon 
the site of action and/or the mechanism of toxicity of the 
causative agent. These observed patterns of toxic injury 
appear to be independent of the route of exposure of the agent 
and it is thus preferable to divide them on the basis of the 
regions of the lung in which they occur.
1«2.a The Bronchiolar Epithelium
The bronchiolar epithelium is the primary target tissue 
of the oxidant gases, ozone and nitrogen dioxide, and exposure ~ 
to 80% oxygen has also been reported to cause damage (26, 5^» 55)- 
Ozone exposure has been reported to produce a loss of the 
apical projections of Clara cells, which were replaced by 
short blunt microvilli, and loss of cilia from ciliated cells 
in rats. In mice, Clara cells became hyperplastic and formed 
nodular ridges of cells which contained few secretory granules (55)- 
High concentrations of oxygen (80%). have also been reported
to produce hypertrophy of Clara cells, accentuation of apical
projections and a loss of contact between these cells and the 
basement membrane (5^ ? 55)• This pattern of damage by the oxidant 
gases, upon the bronchiolar epithelium, appears not to be specific 
for one cell type and requires high levels of exposure.
Selective damage to Clara cells has been reported following 
intraperitoneal administration of naphthalene to mice (56). Six 
' hours after administration of naphthalene the Clara cells appeared 
swollen, had lost their apical projections and often obscured 
neighbouring ciliated cells, which otherwise appeared normal.
After 12 hours, blebing of the Clara cells was seen, many were 
necrotic and many ciliated cells were obscured. The degree of 
necrosis increased with time up to kS h when virtually no Clara 
cells remained and most ciliated cells were denuded of cilia.
These observations were similar to those reported by Reid et al. 
(57) for the effects of bromobenzene and chlorobenzene on mouse 
lung. These authors speculated that the cytochrome P-^50 dependent 
mixed function oxidase enzymes in these cells bound naphthalene 
and aromatic hydrocarbons and metabolised them to toxic products 
(57)* It was suggested that the damage caused by naphthalene 
to ciliated cells might be indirect and a result of the lack 
of, or alteration in, mucus secretion by Clara cells which had 
been directly damaged by naphthalene (56).
The pulmonary toxin ^f-ipomeanol has been shown to be 
concentrated in Clara cells of rats, mice and hamsters and to 
selectively cause necrosis of these cells without affecting 
the ciliated cells (38). This necrosis of Clara cells was
inhibited by piperonyl butoxide, an inhibitor of cytochrome 
P-4-50 activity, further supporting the view that this toxicity 
is due to metabolism of the chemical agent, to a toxic 
metabolite, in the Clara cell. Selective necrosis of Clara 
cells has also been reported following the exposure of mice 
to 3~mebhyl furan (58) or 4-nitroquinoline-1-oxide (59)*
Following administration of the latter, dilation of smooth 
endoplasmic reticulum was reported within 3 h a^d gross 
cytoplasmic vacuolation by 16 h. As this lesion was first 
seen in the smooth endoplasmic reticulum, the authors suggest 
that the lack of damage to the ciliated cells might be a 
result of their lack of smooth endoplasmic reticulum (59)*
Since smooth endoplasmic reticulum is associated with cyto­
chrome P-^50 mixed function oxidase activity, it has been 
suggested that the observed effect of ^f-nitroquinoline-1-oxide 
might be as a result of its metabolic activation in Clara cells.
Carbon tetrachloride, a compound which requires activation 
by cytochrome P-^50 dependent enzymes in order to manifest its 
toxicity, has been reported to cause lipid accumulation, dilation 
of endoplasmic reticulum and cellular necrosis in Clara cells, 
accompanied by an overall decrease in the ability of the lung 
to metabolise drugs (60). This pattern of toxic damage to 
bronchiolar cells thus-appears to centre around the cytochrome 
P-^ -50 content of the Clara cells and their resultant ability to 
metabolise foreign compounds to active toxins.
1.2.b The Alveolar Epithelium
The alveolar epithelial cell most susceptible to chemical 
damage is the Type I cell. Apparently similar ultrastructural 
changes have been seen in this cell following exposure to 
airborne agents including chronically high levels of oxygen 
(61,62); nitrogen dioxide (63); ozone (26); to cadmium 
chloride or ferric chloride aerosol or intra tracheal installation 
(50, 6A) and to blood borne agents including; paraquat (65) 
and bleomycin (66). Following prolonged exposure to high 
oxygen concentrations, progressive swelling of the cytoplasm 
occurs accompanied by disintegration of the plasma membrane 
and denudation of the basement membrane. Cytoplasmic 
degeneration, the appearance of myelin bodies and rupture 
of the plasma membrane have also been described. Accompanying 
this attack upon Type I cells, damage to Type II cells has also
been reported with vacuolation of the cytoplasm, blunting of
microvilli, swelling and degeneration of mitochondria and 
bulging of the cytoplasm. However, these cells appear to be 
more resistant to toxic insult than are the Type I cells. Little
data is available as to the fate of the Type III cells in such
circumstances. Following the denudation of the alveolar 
epithelium, proliferation of Type II cells, with a reparative 
function, is widely observed (62). This pattern of damage to 
Type I cells and their replacement by proliferation of Type II 
cells is a common response to injury of the alveolar epithelium, 
but the mechanism of toxicity is not the same for all of the 
causative agents. Thus although it has been suggested that the
action of paraquat involves the generation of superoxide radical 
and/or depletion of cellular NADPH pools (discussed more fully in 
Chapter 1.3-d), bleomycin, another blood borne toxicant, 
apparently acts by induction of chromosomal abberration or 
inhibition of cell division (66). Similarly, the distribution 
of the lesion may be characteristic of the intoxicating agent,
. thus oxygen and paraquat may produce extensive damage throughout 
the alveolar zone, whereas nitrogen dioxide acts mainly at the 
alveolar-bronchial junction.
A number of agents have also been identified to cause 
specific damage to the Type II cells. Carbon tetrachloride has 
been reported to induce cytoplasmic fat vacuoles and an increase 
in the number of cytoplasmic lamellar bodies in Type II cells, 
without effect on Type I cells (67, 68).
It has been suggested that the reason for this specificity 
is that the Type II cells may contain a significant pool of 
pulmonary cytochrome P-^50 (53)* The antioxidant butylated 
hydroxytoluene (BHT) has been reported to stimulate proliferation 
of Type II cells but not at the expense of widespread damage 
to Type I cells (26, 50). This proliferation may be prevented 
by cedar terpenes and it has been proposed that these compounds 
act by preventing activation of BHT to a reactive metabolite 
or by accelerating BHT degradation. The implication of this 
finding is that the toxicity of BHT may also be mediated by 
cytochrome P-A50 activity in the Type II cell (69). Fatty
changes1 in Type II cells accompanied by the occurrence of foam 
cells in the alveoli have been reported following treatment 
with the anorectic drug chlorphenteramine (26, 70).
Another secondary response observed in the alveoli 
following damage to the Type I cell is the invasion of 
interstitial cells leading to pulmonary fibrosis and emphysema. 
Such an occurrence is a characteristic of the toxicity of 
paraquat and may mask Type II cell regeneration, it may 
also arise following large acute or chronic exposure to a wide 
range of toxic agents which are normally specific in their 
actions.
1*2.c The Capillary Endothelium
For agents reaching the lung via the blood streamythe 
capillary endothelium may be the first pulmonary tissue at which 
they are concentrated and thus it is hardly surprising to 
find that many of the compounds which damage the alveolar 
epithelium, from this route, also damage the capillary endo­
thelium. Damage to the capillary endothelium by inhaled gases - 
has also been reported, indeed the primary locus of acute 
oxygen toxicity is this region and not the alveoli (71). The 
pattern of chemically induced damage in the capillary endo­
thelium is similar in the majority of cases and will be 
described for oxygen (72). Six hours after exposure to greater 
than 90}o oxygen, endothelial cells had encroached upon the 
capillary lumen due to oedema, within 2k hours leakage of fluid 
into the alveolar space was observed. Prolonged breathing of
98% oxygen produced thickening of the endothelium within
2 days, swelling of the cytoplasm, loss of organelles by
3 days, and detachment of cells from the basement membrane 
and widespread necrosis after this time (?1).
Similar oedema has also been reported to be caused by 
cX-naphthylthiourea, a.few hours after a single dose blebbing 
of the capillary endothelial cells was seen, and capillary 
collapse and cell necrosis was evident within 6 hours (72, 73)- 
The capillary endothelium has also been suggested to be the 
primary site of toxicity in the lung of bleomycin (66), with 
severe bulging of the endothelium into the vascular lumen 
being reported within 2 weeks of the start of a 20 mg/kg dose 
schedule. In conjunction with this oedema, chronic inflammation 
of perivascular connective tissue has also been seen.
. \  <
It is significant to note here that paraquat, which is 
a potent alveolar epithelial toxin, has comparatively little 
effect upon capillary endothelial tissue unlike oxygen or 
bleomycin.
Apart from paraquat the majority of alveolar epithelial 
toxins possibly have an equal, if not greater, effect upon 
the capillary endothelium than the alveolar epithelium.
Toxicity to this region of the lung may be observed for both 
blood borne and airborne agents, as will have been seen from 
the examples described. The reasons for the extensive 
susceptibility of the capillary endothelial cells to toxic 
damage are not fully understood, however it has been suggested 
that they could be as a result of the high degree of oxygenation
in this region, particularly in the bloodyas it is the primary 
site of gas exchange (26).
The general mechanisms of generation of reactive metabolites of 
pulmonary toxins
Boyd (33) has proposed 3 basis mechanisms of chemically 
induced lung toxicity involving metabolic activation (Fig. 1.1). 
In mechanisms I and II the ultimate toxin is a highly reactive 
metabolite of the parent compound. Examples of compounds which 
act by mechanism I are ^f-ipomeanol, carbon tetrachloride, 
methylfuran,bromobenzene and possibly the polycyclic aromatic 
hydrocarbons. This mechanism probably.accounts for the 
majority of the damage to the non-ciliated bronchiolar cells 
and possibly for specific damage to the type II alveolar 
epithelial cells. The primary site of damage occurring by 
mechanism II is the capillary endothelium and examples of 
compounds activated by this mechanism are the pyrrolizidine 
alkaloids. The best example of a compound acting by mechanism 
III is paraquat which is discussed more fully in section 
3 (chapter 1), the main feature of this mechanism is cycling 
of the parent compound depleting cellular or NADPH pools 
and generating superoxide radicals, and toxicity probably 
results from a combination of these two effects. The toxic 
mechanisms of the oxidative gases oxygen, ozone and nitrogen 
dioxide may be compared to compounds that act via mechanism 
III, as they cause the production of similar active molecular 
species and one might therefore expect their sites of action 
to be similar.
Fig. 1.1 Schematic representation of the general mechanisms of 
generation of reactive metabolites of pulmonary toxins
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1.3* The toxicity of Paraquat
1-3-a. Historical background
i »
Paraquat (1,1 dimethyl-4,4 bipyridilium) was first 
synthesised, by Michaelis (74), in 1932 and was named methyl 
viologen. Its first use was as a redox indicator as it is 
readily reduced to a violet coloured free radical form 
(Review; 73)• Paraquat is most commonly produced, in the 
oxidised form, as the dichloride salt (Fig 1.2a), although 
under anaerobic conditions the reduced form is also stable 
(Fig. 1.2b)
Fig. 1.2
The chemical formula of paraquat
Paraquat dichloride
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2 Cl
Paraquat free radical
Bipyridyl compounds were first reported to posess herbicidal 
activity in 1938 (76) and paraquat, itself, was launched onto the 
agricultural products market t by I.C.I., Plant Protection 
Division in 1963* The commercial success of paraquat results 
from the fact that it kills by leaf contact, whilst causing 
little or no secondary toxicity, as it is rapidly adsorbed in 
the soil. Since this action leaves plant root systems structurally”, 
intact, paraquat has proved particularly valuable, in minimum 
tillage farming techniques, where the disturbance of soil is 
to be avoided.
1.3-b The Herbicidal action of paraquat
The phytotoxic mechanism of paraquat is well established 
and has been reviewed (77). It is not intended, therefore, 
to discuss it fully here, however, a brief outline will be 
given.
The findings that paraquat was toxic only to green plants 
and in the presence of light were the first indications that 
it*s herbicidal action was dependent upon photosynthesis. It 
has subsequently been demonstrated that paraquat is able to 
compete with NADP+ for electrons generated by photo system I 
of the plant chloroplast (Fig 1.3)* The result of this inter­
action is the formation of a stable, reduced, paraquat free 
radical (Fig 1.2) which may then react v/ith oxygen, another 
product of photosynthesis (Fig 1.3), to regenerate the 
paraquat ion and produce hydrogen peroxide (Fig 1.3). Thus, 
paraquat cycles between its reduced and oxidised forms without
Fig 1.3
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being chemically removed and hence a very small amount may 
prove toxic. It has been proposed that the production of the 
peroxide ion may procede via an intermediate, the superoxide 
ion. (Fig 1.3) (78). Both the superoxide and peroxide ions 
may induce lipid peroxidation of the plant cell membranes and 
are thus potentially toxic. It is therefore believed that it 
is the formation of these ions which leads to the cell 
disruption which is the primary manifestation of damage by 
paraquat. Consequently, paraquat is phytotoxic by two mechanisms 
since it not only deprives the plant of its photosynthetic 
mechanisms but also causes actual disruption of cell 
membranes.
1.3«c The Pathology of Paraquat Induced Toxicity
The pathology of paraquat induced toxicity in both man and 
animals has been extensively reviewed and discussed (73*79).
Following an acute oral ingestion of paraquat, two 
distinct stages have been identified. A. first phase of deaths 
occur from within a few hours to several days, but patients 
surviving this phase may then live for several weeks before 
death resulting from anoxia. These two clinical phases may be 
correlated with the observed pathology in which a primary, 
destructive stage and a secondary stage of lung cell proliferation 
have been documented.
The destructive stage, apparent within 3-^ days after the 
ingestion of paraquat, takes the form of oxidative damage to those 
tissues which have been exposed to high concentrations of the chemical 
Thus, ulceration of the mouth and throat (80), necrosis of the 
kidney (81) and liver (82) have been noted as well as oedema 
and haemorrhage in the lungs (83, 8A). It has been proposed 
that deaths, which occur v/ithin a few days of paraquat ingestion, 
may be due to severe damage to vital organs, which may include 
the lung (63).
The second pathological phase, the proliferative stage 
is specific to the lung, the throat, kidney and liver having 
recovered. It is generally accepted that during the destructive 
stage widespread damage to the Type I and Type II cells of the 
alveolar epithelium occurs (75* 79* 83). During the proliferative 
stage profibroblasts are seen to invade the damaged alveoli and 
a progressive intraalveolar . fibrosis occurs. Repair of the 
alveolar epithelium,by Type II cell proliferation, the normal 
response to Type I cell damage (26, 30), does not apparently, 
widely take place. The destruction of the alveolar epithelium 
observed in paraquat toxicity and the resulting fibrosis are 
characteristic pathology which has been termed "paraquat lung”.
Deaths which occur during the proliferative stage of paraquat 
toxicity are attributed to severe anoxia resulting from the 
pulmonary fibrosis observed.
A similar pattern of paraquat toxicity has been described 
for the rat, mouse and dog (86, 87) although in the rabbit and 
hamster repeated doses of paraquat are required to elicit 
fibrosis (88, 89).
1.3.d. The Mechanisms of Paraquat Toxicity in the Lung
The pulmonary toxicity of paraquat has been shown to 
depend upon two distinct phases: selective accumulation by
the lung and intracellular generation of the paraquat 
free radical.
i- Selective accumulation of Paraquat by the Lung
The accumulation of paraquat into the lung, compared to 
other tissues, has been reported in a number of animal species, 
following a single exposure in vivo (90, 911 92, 93) •
In vitro, Rose ejb al (9^) demonstrated that the accumulation 
of paraquat into rat lung slices was energy dependent and obeyed 
saturation kinetics. Subsequently this group of authors ( 93, 219) 
reported that slices of rat lung, and to a lesser extent, brain 
were able to accumulate paraquat whereas slices of other tissues 
were not. Lung slices from a number of other species, including 
the dog, rabbit, monkey and man, were also observed to be able to 
accumulate paraquat. In vivo, paraquat was not accumulated into 
rat brain, possibly due to its inability to cross the blood 
brain barriei(93, 219), and this may perhaps be a clue to the 
endogenous role of the uptake system.
The rate of paraquat accumulation into rat lung, in vivo, 
was reported to be approximately 1C96 of that predicted from 
studies in vitro (9^*219) a*1** therefore Lock et al (96) 
investigated the possible existence of endogenous inhibitors 
of paraquat accumulation in the blood circulation. Both rat 
plasma and an ultrafiltrate of the plasma were able to inhibit 
the accumulation of paraquat into rat lung slices, the latter 
indicating that the active inhibitor(s) had a small molecular 
weight. A number of small, endogenous amines, including 
noradrenaline, 5-hydroxytryptamine and histamine, and several 
drugs, including imipramine, propranololjburimimide and betazole 
were also found to be able to inhibit paraquat accumulation in 
vitro (65, 96). The most effective endogenous inhibitors of 
paraquat uptake into rat lung slices were the polyamines, 
putrescine and spermidine (65, 97)• In order to further 
investigate the uptake system and in an attempt to identify 
the compartment of the lung into which paraquat is accumulated, 
Smith et al (98) compared the processes for the pulmonary 
accumulation of paraquat and 5“hydroxytryptamine. The 
accumulation of both compounds by rat lung slices was energy 
dependent, obeyed saturation kinetics and was inhibited by 
imipramine, although the processes involved appeared to be 
different for the two amines. The accumulation of paraquat 
was strongly blocked by potassium cyanide whereas 5 hydroxy- 
tryptamine uptake was only partially inhibited. Also, 5 hydroxy 
tryptamine accumulation was shown to be sodium dependent but 
paraquat uptake was markedly stimulated in the absence of 
sodium. The most dramatic demonstration of the difference
between the two systems was that 16 hours after a dose of 
paraquat to rats, which caused specific damage to the Type I 
and Type II cells of the alveolar epithelium (85), the ability 
of lung slices to accumulate paraquat was greatly reduced 
whereas 5 hydroxytryptamine. was accumulated as effectively 
as in control lung slices (98). This latter observation 
, is consistent with the observation that 5 hydroxytryptamine 
is accumulated into the cells of the capillary endothelium 
(27), as these cells are not damaged by paraquat (85)* It 
thus appears that the capillary endothelial cells are not the 
site of the energy dependent accumulation of paraquat in the 
lung. The indirect evidence from these studies suggests 
that is is the Q^ ype I and T^pe II alveolar epithelial cells 
that are responsible (65, 85, 98).
Recently, Smith and Wyatt (97) have indicated that the 
diamine putrescine, which inhibits the accumulation of paraquat 
in vitro, is itself accumulated into rat lung and brain slices 
by any energy dependent process which obeys saturation kinetics. 
By comparison with factors affecting the accumulation of 
paraquat these authors proposed that the two compounds 
(putrescine and paraquat) share a common uptake system for which 
the endogenous polyamines (putrescine, spermidine and spermine) 
might be the natural substrates.
ii. Intracellular mechanisms of paraquat toxicity
A number of hypotheses have been proposed to describe 
the intracellular mechanism of paraquat toxicity. A common 
requirement of these schemes is the production of a paraquat 
free radical (Fig 1.2). As described (Chapter 1.3a), under 
anaerobic conditions and in aqueous surroundings the paraquat 
‘ radical is extremely stable (7 )^» however, in the presence of 
oxygen it is readily reoxidised to the dicationic ion (Fig 1.2), 
with the accompanying production of a superoxide anion (C^ )
(78). Gage (99) reported that, in the presence of rat liver 
microsomes, the reduction of paraquat to the free-radical 
required the cofactor NADPH and other authors have since 
reported similar findings in rat lung microsomes (93? 100, 101). 
It has also been proposed that oxidised paraquat is able to 
receive electrons from cytochrome c reductase and thus may 
uncouple the electron transport chain (93? 100).
It is widely accepted that, following itfs accumulation 
into lung cells, paraquat cycles between its reduced and 
oxidised forms. This will result in at least two major effects 
namely oxidation of NADPH and generation of superoxide (Fig 1.^ f). 
However, which if either of these two effects is the primary 
cause of the observed paraquat toxicity is not yet fully under­
stood. There are two major theories, the first of which concerns 
the depletion of NADPH. In mammalian cells the major pathway 
for the reduction of NADP to NADPH is the pentose phosphate 
pathway. Stimulation of the pathway has been demonstrated
Fig '\.b Proposed mechanisms of paraquat toxicity
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following exposure to paraquat in rats in vivo, in lung slices 
(23) and in isolated perfused lungs (103). Smith and coworkers 
(23, 63) have therefore proposed that the primary mechanism 
of paraquat toxicity involves the rapid oxidation of NADPH 
such that the pool level falls below that required to sustain 
vital physiological processes. This hypothesis was supported 
by the observation that fatty acid synthesis, a system 
dependent upon NADPH, is progressively inhibited in lung slices 
incubated with increasing concentrations of paraquat. The 
ability of putrescine to prevent this inhibition of fatty acid 
synthesis indicated that the effect was produced by paraquat 
which had been accumulated into the slice (104). The inhibition 
of fatty acid synthesis has also been demonstrated, in vivo, in 
rat lungs within h hours of an intravenous dose of paraquat 
(65), before significant ultrastructural damage to the 
alveolar epithelium occurs (85). Smith et al (63) have also 
shown that the reduction in NADPH levels and the NADPH/NADP+ 
ratio which occurred in lung slices exposed to paraquat could 
be prevented in the presence of putrescine. The reduction 
in the NADPH/NADP* ratio in rat lung following exposure to 
paraquat has been shown in vivo (103) but the authors also 
reported a decrease in the ratio folloi^ing exposure to diquat 
(1,1* Ethyl 2,2f bipyridilium). They confirmed that only 
paraquat, and not diquat, was accumulated by the lung, although 
both compounds had a rapid effect on the NADPH/NADP+ ratios.
In the case of paraquat an actual, although small, decrease 
in the total NADPH and NADP+ pool of the lung was also noted 
between ^-12 hours after exposure but this did not occur
with, diquat. The depletion of the NADPH/NADP ratios persisted 
for Zh hours when the effect of paraquat appeared undiminished 
but in the case of diquat the magnitude of the depletion 
appeared decreased by this time. These results appeared 
anomalous as it was believed that diquat was not toxic to the 
lung, however Witschi and coworkers (103) re-evaluated this and 
found damage, to the Type I alveolar epithelial cells, similar 
to that caused by paraquat. The diquat reduced damage was less 
extensive than that caused by paraquat, and the Type II cells, 
also damaged by paraquat, were apparently unharmed. Exposure 
of animals to 100% oxygen was also considered and shown to 
increase the toxicity of both paraquat and diquat without 
greatly affecting the magnitude of their effects upon the NADPH/ 
NADP ratio. Y/itschi and coworkers (103) concluded that there 
was not a straightforward relationship between the oxidation 
of NADPH in vivo and bipyridylium toxicity although they stressed 
the possible importance of the Type II cell as a target for 
paraquat toxicity. Both paraquat and diquat caused damage to 
Type I cells but only paraquat damaged the Type II cells, and 
since only paraquat is actively accumulated into the lung (9^) 
it may be suggested that it is the Type II cells which are 
responsible for this accumulation. Since the Type II cells are 
the progenitors of Type I. cells and are responsible for renewal 
of the alveolar epithelium following chemically induced damage 
(12), it may be suggested that it is the extent of damage to 
the Type II cells which is important in determining the subsequent 
extent of pulmonary fibrosis on repair.
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The major alternative hypothesis of the primary mechanism 
of intracellular paraquat toxicity involves the superoxide 
anion (O^ ""). Fisher et al (106) reported that an atmosphere
-j
of 10C% oxygen markedly enhanced the toxicity of paraquat, 
but exposure of rats to 85% oxygen for 7 days increased their 
resistance to paraquat (102). The latter treatment also 
increases the pulmonary level of superoxide dismutase (107), 
an enzyme thought to be important in the detoxification of 
the superoxide anion. Partial protection against paraquat 
toxicity has been demonstrated, in vivo, following intravenous 
administration of superoxide dismutase (108) and it has thus 
been widely proposed that the superoxide anion is directly 
involved in the primary mechanism of paraquat toxicity.
The ability of superoxide to spontaneously dismutate into 
singlet oxygen (109) led Bus and coworkers (100, 102, 110, 111) 
to propose that paraquat induced lung lesions resulted from lipid 
peroxidation initiated by these reactive species (Fig 1.4). This 
mechanism of paraquat toxicity has also been supported by a 
number of in vivo studies. Bus et al (110, 111) demonstrated 
that the toxicity of paraquat was increased in animals deficient 
in vitamin E (an antioxidant) or, selenium (required for glutathione 
peroxidase activity). In addition, depletion of tissues of 
reduced glutathione, by administration of diethylmaleate, lowered 
the IA-q of paraquat in mice. It was proposed that the enhanced 
paraquat toxicity in these circumstances was due to the loss of 
the intrinsic antioxidant activity of vitamin E or glutathione 
(Fig 1.4).
Paraquat induced lipid peroxidation in vitro has been 
shown in rat and mouse liver microsomes by Bus _et al (100).
A number of other authors have observed contradictory results,
Shu et al (112) reported that paraquat induced no lipid 
peroxidation in rat lung microsomes, and Steffen and Netter 
(113) and Kornbrust and Mavis (114) demonstrated a protective 
effect of paraquat against lipid peroxidation in rat lung and 
liver microsomes.
Lipid peroxidation has also been directly measured in vivo; 
Steffen et al (115) suggested that the observed paraquat 
stimulated rise in lipid peroxidation (126% of control after 
4 hours) was too small to support the lipid peroxidation theory 
as the primary mechanism of paraquat toxicity in rats. Kornbrust 
and Mavis (114) found no loss of vitamin E or increased 
susceptibility to in vitro lipid peroxidation in lung microsomes, 
obtained from rats killed betv/een 12 and 24 hours after a lethal 
dose of paraquat, although there was a significant reduction 
in pulmonary palmitate. These authors suggested that this 
result indicated that paraquat does not cause pulmonary toxicity 
by lipid peroxidation but rather that the inhibition of fatty 
acid synthesis is an important factor in the observed pathology.
It is apparent that neither of these two proposed mechanisms 
fully explain the observed pulmonary toxicity of paraquat.
The first theory described, the depletion of NADPH is supported 
by decreased fatty acid synthesis. However the evidence that 
the lung’s metabolism is totally compromised, even in only 1 cell
type, is not available. Nonetheless this mechanism has been 
proposed as the mechanism of pulmonary toxicity for a number 
of other compounds (review, 53)- The second theory described, 
lipid peroxidation, although supported by indirect studies 
(e.g. increased paraquat toxicity in vitamin E deficient 
animals), has not been demonstrated directly." In addition 
the lung is, apparently, relatively resistant to lipid 
peroxidation (116). Consideration of both of these theories, 
however, indicates that they have many requirements in common 
(Fig 1.4). NADPH is required, not only for essential 
physiological processes but, also for defence against 
reactive free radicals; it is an essential cofactor for 
glutathione reductase, the enzyme which catalyses the reduction 
of oxidised glutathione (Fig 1.4). Thus depletion of NADPH 
might reduce the ability of cells to defend themselves against 
lipid peroxidation. It is therefore possible to suggest that 
the pulmonary toxicity of paraquat may occur by both of the 
two proposed mechanisms. Thus, in the presence of paraquat, 
as superoxide anions are generated, NADPH is depleted and 
hence the ability of the lung to defend itself against lipid 
peroxidation is impaired.
In addition to the two major hypotheses of the mechanism 
of paraquat toxicity in the lung, a number of alternative 
mechanisms have been proposed.
Manketlow (117) reported an increase in surface tension, 
and therefore presumed a loss of pulmonary surfactant, in the
lungs of mice treated with paraquat. Because of the close 
resemblance between the histopathological features of paraquat 
poisoning and neonatal respiratory distress syndrome (where 
pulmonary surfactant is absent) it was suggested that the 
pulmonary pathology of paraquat was due in part to a deficiency 
of surfactant. In paraquat treated rats, a small but significant 
decrease in the' phosphatidylcholine fraction of both homogenates 
of lung and alveolar washes was demonstrated (118) but this was 
not in agreement with other authors (119)« Recently, it has 
been reported that only alveolar phosphatidylcholine, and not 
whole lung phosphatidylcholine is lowered in paraquat treated 
rats (120). It thus appears likely that the changes in lung 
surfactant, observed in paraquat toxicity, are a secondary 
result of damage to the Type II cells.
As the herbicidal action of paraquat has been attributed- 
to the production of hydrogen peroxide (77) its role in 
mammalian paraquat toxicity has also been considered; Ilett 
et al (93) found that the production of hydrogen peroxide by 
lung and liver microsomes, in the presence of paraquat, was 
higher in rabbits than rats. Since the rabbit is relatively 
resistant to paraquat toxicity and as the levels of catalase 
were similar in the lungs of both species, it was therefore 
concluded that hydrogen peroxide did not have a major role in 
paraquat toxicity.
Illett & coworkers (93) also investigated the possibility 
that paraquat might reduce lysosomal stability. They found
however, that at low concentrations paraquat had no effect 
on lysosomes and at high concentrations it appeared to stabilise 
the lysosomal membrane.
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1.4 Approaches for the Preparation of Isolated Lung Cells
1.4.a The need for isolated lung cells
The cells of the lung share a wide morphological and 
biochemical diversity, and it would be particularly useful 
to study the most metabolically active in isolation. In order 
to study the toxicity of paraquat, the availability of isolated 
alveolar epithelial cells would be of particular value. The 
extreme differentiation of the Type I alveolar epithelial 
cells suggests that their isolation and culture is not a viable 
proposition at the present time. Alveolar Type II cells, however, 
have been isolated, with varying success, by a number of authors 
(121, 122, 123, 124). If such cells could be isolated, in a 
functionally normal state, it should be possible to directly 
determine whether, as proposed by Smithet al (63)? they are responsible 
for the pulmonary accumulation of paraquat. In addition, if such
>
a process could be identified in a specific lung cell type it 
would perhaps also permit a more direct investigation of the 
mechanism of paraquat toxicity than has been possible to date.
1.4.b The dispersal of the lung into isolated cells
The potential gains from the use :of isolated lung cells have 
already been discussed. In this section approaches to the 
preparation of such cells will be discussed. Established cell 
isolation techniques may be considered in 3 categories; mechanical, 
chemical or enzymatic.
i. Mechanical dispersal
Mechanical dispersal alone was applied, with some limited 
success, to brain (123) and liver (126, 12?). However, with 
the development of the electron microscope, the damaging 
effects of these processes became apparent. Therefore, 
although some mechanical force is required to disperse animal 
tissues into free cells, it is now common to precede such 
actions with chemical or enzymatic disruption of cell junctions 
in order to minimise mechanical shock.
ii. Chemical dispersal
The chemical methods of cell dispersal concentrate on the 
disruption of intercellular junctions, by alteration of the 
concentration of divalent cations (Ca and Mg ) in the extra­
cellular spaces. Thus the incubation of tissues in medium 
containing suitable chelating agents (e.g. Ethylene diamine 
tetraacetic acid - EDTA) is established practi<ce(l28, 129). 
Alternatively^ tissue may be placed in medium deficient in 
divalent cations and it is this approach which has been used 
more widely for the isolation of lung cells (121, 123).
iii. Enzymatic dispersal
In view of the large amount of connective tissue in the lung, 
the use of enzymes in the preparation of isolated lung cells may 
offer advantages over the other approaches. However, a qualitative
\or objective assessment of different enzymes is very difficult 
due to differences between enzymes from different batches 
or suppliers. A number of proteolytic enzymes have been 
used for the dissociation of lung cells: Trypsin (121, 123);
Collagenase (130, 131) 5 Pronase (132); Elastase (l33);Hyal- 
uronidase (131)« efficacy of different enzymes is highly
tissue specific (13*0 and thus, even at present, success in 
enzymic lung dispersal with a particular enzyme remains, to 
a certain extent," an art".
Techniques for the preparation of Type II alveolar
epithelial cells from the lung
Wolfe et al (130) first reported a method to produce 
isolated Type II alveolar epithelial cells from rabbit lung 
by perfusion of the vascular system to remove circulating 
blood cells followed by incubation of the minced and sieved 
peripheral tissue with collagenase (1.23%)* Light microscopic 
examination indicated that these preparations contained 
alveolar macrophages, (28-*+0%), small round cells (35-*+6%) 
and pulmonary surface epithelial cells(0-12%). Biochemically 
the cells oxidised glucose to CO^ with a to Cg ratio of 7.1 
which was high compared to a to Cg ratio of 2.6 in lung 
slices, indicating either elevation of the hexose monophosphate 
shunt or cellular damage.
A similar approach to lung digestion was adopted by 
Ayuso jet al (131) however these authors also incorporated chemical
dispersal by the use of a low Ca (1 mM) buffer. The cell 
population obtained was very similar to that reported by 
V/olfe et al (130) and the to ratio for glucose oxidation 
to CO^ was also high (8.4). Hexose monophosphate shunt activity 
was measured and found to represent a very small part (2.2%) 
of the total glucose utilisation. The cells also consumed 
oxygen (70/jmol per gram dry weight per hour), but at a low 
rate compared to lung slices (400-200 pmol per gram dry wt per 
hour (20)), thus, although 90-95% of the cells excluded the 
dye eosin it would appear that the. technique ,was not totally 
satisfactory.
A more specific approach to the isolation of Type II 
pneumocytes was developed by Kikkawa and Yoneda (121). In a 
combination of mechanical, chemical and enzymatic methods3 
rat lungs were first perfused via the pulmonary vascular 
system, with a calcium free medium (JokHk MEM) to remove 
blood, before being lavaged, via the trachea, to collect 
alveolar macrophages. The lung was minced and shaken 
mechanically, to remove significant quantities of macrophages, 
lymphocytes and leucocytes, before being incubated with colloidal 
barium sulphate. The intention of this incubation was that 
any remaining phagocytic cells v/ould ingest the dense material 
so increasing their weight and the efficacy of the later 
separation stage based upon cell density. The lung mince 
was next incubated with trypsin (1%) and a free cell population 
retrieved of which 30% were Type II cells. Further separation
of this mixed cell population, by centrifugation on a discontinuous
density gradient of Ficoll, raised the percentage of Type II cells
£
to although less than 10 cells/rat were retained. Other
than their ability to exclude trypan blue and their ultrastructural 
appearance no assessment of the viability of the isolated cells was 
reported, and it is of interest to note that after this paper Kikkawa 
and his coworkers changed to the use of the rabbit as a source of 
Type II cells (135)»
An alternative, but similar, method for isolating Type II cells
from the lungs of specific pathogen free rats was developed by
Mason and coworkers (122, 123). The lungs were perfused with a
*|* •{•
buffer, deficient in Ca and Mg , and simultaneously ventilated
with air, before being lavaged. A fluorocarbon-albumin emulsion
was instilled into the lungs which were then incubated at 37°C to
permit ingestion of the fluorocarbon by phagocytic cells. The
intention of this stage was essentially the same and for that in which >
Kikkawa et_ al (121) used colloidal barium sulphate. The uningested
fluorocarbon was removed, replaced with trypsin (3%) and following
further incubation, the lungs were minced and the freed cells
collected. This crude cell population was further separated by
centrifugation on a discontinuous density gradient and a fraction
6retrieved which contained 3-30 10 cells per rat of which 42-92% 
were Type II, these represented approximately 12% of the total 
of such cells in the lung (Mason e_t al 1977)*
The methods of Kikkawa and associates (121, 133) and Mason 
et al (122, 123) have been repeated (136, 137) and modified
(138, 124) although the basic framework has always been retained. 
These reports are significant because they highlight the differences 
which may occur when attempts are made to repeat such complex 
procedures, as Type II cell isolation, in different laboratories. 
Thus by the methods of Kikkawa et al (121, 133)? Fisher and Furia 
(136) were only able to produce a cell population of 73% Type II 
cells from rat lungs whilst Pfleger (13S) reported that, in the 
Syrian Hamster, "these techniques ... failed to consistently 
yield a satisfactory population on a sufficient number of Type II 
cells". A common factor of all of these attempts to obtain 
isolated type II cells is the dispersal of the lung with trypsin. 
This enzyme has been reported to alter cell metabolism (139) 
and cellular sensitivity to external effectors of glucose metabolism 
(insulin and glucagon (140)). This suggested that this enzyme might 
not be suitable for the present study and it is also interesting to 
note that recently Mason and coworkers have ceased using trypsin . 
and now prefer elastase (133)-
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1.5* The polyamines
The polyamines, putrescine (1,^ diaminobutane), spermidine 
and spermine (and to a lesser extent cadaverine (1,5 diamino- 
pentane)) are ubiquitous in prokaryotic and eukaryotic organisms 
(Table 1.1). Many reports have indicated a physiological role 
for these amines and many review articles and books have 
considered this subject (141, 1^ 2, 1^ -3, 1^ j4, 1^ 5, 1^ 6, 1^ -7, 1^8).
The endogenous levels of polyamines and their biosynthetic enzymes 
are elevated in rapidly proliferating or regenerating animal cells 
in a manner which correlates well with subsequent rises:in tissue 
DNA, RNA and protein levels. In addition these polyamines have 
widely been shown to interact with nucleic acids and to exhibit 
a variety of effects upon macromolecular synthesis, expression 
and metabolism in vitro. It is therefore frequently proposed 
that the naturally occurring polyamines are essential factors' 
for cell growth and proliferation.
In this thesis a particular, cell function, the pulmonary 
uptake of the polyamines, has been studied. In the interpretation 
of the data a wider knowledge of the biochemistry of the polyamines 
is useful and this outline is therefore given in this section.
1.5«a The Biosynthesis of the polyamines
In animal cells, putrescine is produced by the decarboxylation 
of ornithine catalysed by the enzyme, ornithine decarboxylase (160, 
161, 1^ -7) (Fig 1-5). In prokaryotic cells putrescine may also be
Table 1.1 Naturally Occurring Levels of the Polyamines
Species
Eat
Mouse
Human
Organ Polyamine Concentration Ref.
Putrescine Spermidine Spermine
(nmol/g)
liver d 892 699 149
42 1302 875 130
37 - - 131
37 - - 151
thymus - 1390 776 149
201 1102 494 139
small intestine - 836 487 )
spleen - 770 613 )
large intestine - - 630 463 )149.
lung - 630 387
stomach - 616 341.
brain - 48o 283 )
18 430 330 133
kidney - 351 667
heart - 232 278
skeletal muscle - 109 231 )149
testes - 220 300
pancreas - 8600 1000 )
liver 163 938 1047 134
103 1098 862 . 133
(nmol/mg protein)
liver - 1.01 3.17 )
spleen - 1.28 3.43
brain - O.67 2.89
kidney - O.63 3.36 )136
heart - 0.11 2.03
skeletal muscle - 0.10 1.40 )
pancreas - 11.40 21.16 )
lymphocytesa 2.0 9.1 30.0 137
Erlich ascites 138
tumour cells
a) in culture*3 270 1150 363
b) in mouse0 n a n
~  • • f 1 • UC. 1.20 -  —
Legend to Table 1.1
8
a - units = nmol/3.3*10 cells
b - units = nmol/mg DNA 
/ 6c - units = nmol/10 cells 
d - indicates not measured
Fig 1.5 The Synthesis of the polyamines
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formed from arginine, via agmatine. Spermidine and spermine 
are subsequently produced from putrescine by the addition of 
n-propylamine moieties (Fig.-1.5)• These n-propylamino groups 
are obtained from s-adenosylmethionine, which is decarboxylated 
by s-adenosyl methionine decarboxylase, and are attached to 
the appropriate polyamine by spermidine or spermine synthetase
. (Fig 1.5).
The rate limiting enzymes of polyamine biosynthesis are 
ornithine decarboxylase and s-adenosyl methionine decarboxylase
both of which have very short half lives (t^  = 12-60 min (1^ 3)»
2
t1 = 20-35-min (162). The former enzyme also exhibits a
T ; '
remarkable inducibility whereas the latter may be specifically 
stimulated by putrescine and spermidine. In contrast to these 
two enzymes, spermidine and spermine synthetase are comparatively 
stable enzymes.
1.5*b Regulation of ornithine decarboxylase
Intracellular ornithine decarboxylase activity has been 
reported to increase during growth in a wide range of tissues 
and in response to many external stimulae including partial 
hepatectomy, stimulation of RNA synthesis, wound healing or 
following administration of growth hormone, catecholamines 
or tumour promoting agents (163, 164, 165, 166, 167, 168, 169, 
170, 1715 review; 1^3) • Studies with inhibitors of DNA-dependent 
synthesis of RNA (Actinomycin D) and of protein biosynthesis
(cycloheximide) indicate that this rise in ODC is due to de novo 
synthesis of the enzyme and that this synthesis is regulated at 
both the transcriptional and post-transcriptional level (172).
Ornithine decarboxylase activity may also be easily 
inhibited and there is much evidence to suggest that its 
activity is regulated in vivo by the polyamines (168, 173» 17*0 • 
Putrescine, spermidine and spermine are all able to decrease 
ornithine decarboxylase activity. A number of authors have, 
however, indicated that the concentrations of putrescine and 
spermidine which caused inhibition of ornithine decarboxylase 
in situ were insufficient to cause direct inhibition (175» 176, 177) anc* 
Clark & Fuller (175) therefore proposed that the polyamines specifically 
inhibited synthesis of ornithine decarboxylase. At high 
concentrations^ putrescine is a competitive inhibitor of
_3
ornithine decarboxylase (K^  = 2.10 M in rat hepatoma tumour .
cells, 177)• Subsequently, two mechanisms by which inhibition
of ODC may occur, in situ, have been demonstrated (172). In
HMO^ cells, a rat hepatoma cell line with a relatively high and
stable ornithine decarboxylase activity, exposed to putrescine 
~5(10 M), ornithine decarboxylase activity was inhibited by a
mechanism similar to that brought about by cycloheximide, an
-2inhibitor of protein synthesis. However putrescine (10 M)
produced a more rapid inhibition of ornithine decarboxylase 
-5
than either 10 M putrescine or cycloheximide. The authors 
therefore proposed that this higher putrescine concentration
„2
(10 M) induced the production of the ornithine decarboxylase antizyme
This antizyme is a protein (molecular wt approximately
26,500 aaltons) with a short half life (11-2A- minutes) which
has been demonstrated in a range of cells exposed to polyamines
(176, 178). The production of this antizyme, in vivo, in response
to exposure to putrescine, causes a .highly specific inhibition
of cellular ornithine decarboxylase activity, McCann (171)
therefore proposed that, in HMO cells, putrescine at a low
concentration (10 M) regulated ornithine decarboxylase by
decreasing its synthesis, possibly by interaction with the
external cell membrane sites described by Canellakis
et al (179)i whereas at the higher concentrations, putrescine 
-2
(10 M) acted intra-cellularly by inducing synthesis of the 
antizyme.
More recently, Heller and Canellakis (178) reported that
the antizyme was produced in neuroblastoma cells, with low
-7ornithine decarboxylase activity, by as little as 10 M 
putrescine. In similar cells, v/hen ornithine decarboxylase 
activity was stimulated, the antizyme was only detectable in 
the presence of concentrations of putrescine greater than 10 M.
These authors, however, also pointed out that it was only possible 
to identify the antizyme when its level surpassed that of ornithine 
decarboxylase in the cells. They therefore suggested that the 
induction of synthesis of the antizyme was not dependent upon 
the presence or prior induction of ornithine decarboxylase.
Furthermore; induction of the antizyme was brought about by
/ -7 -6 N
the presence of extracellular levels of putrescine (10- -10 M; 
considerably lower than those found intracellularly (l.5y10 M).
These reports demonstrate that the polyamines probably bring 
about their inhibitory action, upon ornithine decarboxylase 
activity, by acting at extracellular receptor-sites although it 
is difficult to establish whether the primary effect is 
inhibition of synthesis of the enzyme or stimulation of 
synthesis of the antizyme,
1.^ f.^ . The function of the polyamines
As already noted the biochemical functions of the polyamines 
have been widely reviewed (1^1, 1^ 2, 1^3, 144, 1^ 5» 1 -^6, 1^ -7? 1 -^8), 
it is however relevant to note the areas in which these compounds 
have been implicated. The stimulation of ornithine decarboxylase 
is accompanied by rises in intracellular polyamine levels and 
increased DNA synthesis. Various authors have demonstrated that 
in tissues stimulated to proliferate or grow the administration 
of inhibitors of polyamine biosynthesis and metabolism can 
inhibit these increases (130, 131i 132, 173? 180, 181, 182, 183). 
Such results strongly suggest that polyamines are a prerequisite 
for tissue regeneration and are involved in DNA synthesis in vivo. 
Recently Abraham and Pihl (1^ +8) have reviewed the data on the 
molecular mechanism involved in such effects. Many studies have 
demonstrated in vitro interactions betweennucleic acids and 
polyamines (1^4) and such unions stabilise the nucleic acids against
denaturation. It is therefore proposed that polyamines have
a role in influencing the conformation of macromolecules. The
polyamines also stimulate RNA polymerases (iVf) possibly by
altering the conformation of the DNA template, an effect
2+miraiced, at much higher concentrations, by Mg (1^ -8). In 
addition activation of eukaryotic ribosomal RNA synthesis 
has been indicated to involve a polyamine dependent phosphorylation 
of a specific nuclear protein (18k).
The fidelity of protein biosynthesis has been shown to be 
enhanced in the presence of spermidine (185) possibly due to 
a conformational effect resulting from its binding to transfer RNA. 
Such an interaction aids codon/anti-codon recognition and has 
been proposed to account for the high fidelity of translation 
observed in vivo (185).
Abraham and Pihl (I^ f8)have also proposed that polyamines may 
play a role in DNA synthesis in vivo, again by increasing its 
fidelity.
The polyamines appear to affect translation, transcription
and replication by influencing or stabilising the conformation
of the DNA and RNA templates and products. It is also possible
that many of these reactions, which in vitro require non-
physiological concentrations of divalent metal cations (especially 
. 2 *k  . ,
Mg ;, may in vivo be, at least partially, influenced by the 
polyamines.
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Chapter 2.
2.
The source of animals and lung samples
a. Animals
b. Human peripheral lung 
[. Materials
2.1. a Animals
Wistar rats were obtained from the University of Surrey 
Animal Breeding Unit. Specific pathogen free \fistar rats 
were purchased from Bantin and Kingman Ltd., Hull, England. 
Specific pathogen free, Wistar derived, Alderley Park strain 
rats were supplied by the Animal Breeding Unit of Imperial 
Chemical Industries Ltd., Alderley Park, Cheshire, England.
All animals used in these studies were males unless otherwise 
stated. For initial cell isolation experiments animals were 
anaesthetised with sodium pentobarbitone (10 mg/100 g body 
wt.;Sagatal, May and Baker Ltd.) intraperitoneally. In later 
cell isolation experiments, as indicated, and in all experiments 
described in chapters Vand 3 animals were killed by exposure 
to halothane (Fluothane, ICI Ltd., Pharmaceuticals Division.).
2.1.b Human Peripheral Lung
Peripheral lung specimens from lung cancer patients were 
obtained during surgery from the Royal Surrey Hospital, Guildford 
Samples were transported to the laboratory in Leibovitz L-13 
medium (with 2 mM L-glutamine) at A-°C. Only , tissue which 
appeared macroscopically normal was used for experiments.
2.2. Materials
Enzymes used in cell dispersal
Collagenase (EC 3 - 3 )
Collagenase (EC 3-4-.2*f.-3) (Type II) )
Pronase (Protease Type V from Streptomyces 
Griseus) )
Elastase (EC 3-4.21.11)■ )
DNAse 1 (EC 3«1«^»3) (Type I from Bovine
Pancreas) )
Trypsin 2.3 % (1 : 230)
Stains and materials for light microscopy 
Orange G6
Papanicolaou stain EA 30 
Harris haematoxylin 
Ehrlich*s acid haematoxylin 
Eosin (Colour index No. ^3380)
D.P.X. embedding medium
Materials for electron microscopy
Glutaraldehyde (23% aqueous solution) )
Sodium cacodylate . )
Osmium tetroxide )
Propylene oxide )
Taab 812 resin )
Spurr resin )
Radiochemicals
0 ^C-methyl) Paraquat dichloride (30mCi/
mmol) )
(U -C) Glucose (2-k mCi/mmol) )
(1-1^0) Glucose (3«9 mCi/mmol) )
(1 ?If-1 ^ )Putrescine dihydrochloride
, (116 mCi/mmol) )
( C) Spermidine trihydrochloride
(122 mCi/mmol) )
(-^ H^ -water (3mCi/mmol) )
C) Spermine tetrahydrochloride 
(122 mCi/mmol) )
B.D.H. Biochemicals Ltd, 
England
Sigma Chemical Co., Poole 
England
GIBCO Biocult Ltd., 
Paisley, Scotland
Raymond A. Lamb, London, 
England
BDH Biochemicals Ltd, 
England
Taab Laboratories, Readin’g 
England
The Radiochemical Centre, 
Amersham, England
Polyamines and potential inhibitors of accumulation
1,3 diaminopropane dihydrochloride
Putrescine dihydrochloride 
Cadaverine dihydrochloride 
(1,5 diaminqpentane) .
1,6 Diaminohexane 
Spermidine trihydrochloride
Sigma Chemical Co., 
Poole, England
Spermine tetrahydrochloride )
Ornithine hydrochloride )
Lysine hydrochloride - )
n-propylamine )
* 1,8 diaminooctane (98%) )
1,10 diaminodecane )
n-pentylamine (99%) ) Aldrich Chemical Co.,
Agmatine sulphate (99%) ) Gillingham, England
4-, 4* Bipiperidine- dihydrochloride (97%) )
Methylglyoxal bis(guanylhydrazone). )
dihydrochloride monohydrate )
n-butylamine BDH Biochemicals Ltd..
Arginine Koch-Light Laboratories
Paraquat dichloride (analytical grade) was a gift of Plant Protection 
Division, ICI Ltd., Surrey, England.
All other compounds tested for their inhibitory potential against 
the accumulation of putrescine were of analytical grade or other­
wise of the highest grade available.
Miscellaneous
Nylon Bolting Cloth (Nybolt) John Stanair Ltd.,
Ltd., Colnbrook, Englane
Stockport, England
HEPES (N-2 hydroxy ethyl piperazine 
Nf-2 ethane sulphonic acid)
Ficoll f^OO Pharmacia Fine Chemicals 
AB., Uppsala, Sweden
Sigma Chemical Co, 
Poole, England
Fluorochemical FC80 (Minnesota Mining Co., US/ 
supplied by GIBCO- 
Biocult Ltd., Paisley, 
Scotland
All other chemicals used in these studies were of analytical grade or 
of the highest purity otherwise available unless indicated to the 
contrary.
Chapter 2.3» Preparation of incubation media and buffers
.a. HEPES buffered salts (HBS)
•b. Obklik minimal essential medium (Joklik IDEM) 
•c. Krebs-Ringer phosphate buffer (KRP) '
2.3.a- HEPES buffered salts -(HBS)
Potassium chloride ^00 mg
Magnesium chloride .6H^0 '200 mg
Sodium chloride 6500 mg
Sodium dihydrogenorthophosphate .2H^0 1300 mg
HEPES (N-2-hydroxy ethyl piperazine - 393 mg
N'-2 ethane sulphonic acid)
Distilled water (final volumen)
The salts were dissolved in 800 ml distilled water and the pH adjusted 
to 7.k with NaOH (1M), Glucose (2g,. giving 11mM concn.) was then 
added and the final volume adjusted to A litre.
2.3-h. Joklik MEM.' Henes buffered t (Joklik MEM)
JokLikMEM powdered media (GIBCO-Biocult Ltd, 1 1 eqiv.
Paisley, Scotland)
HEPES (N-2-hydroxy ethyl piperazine
-N‘-2 ethane sulphonic acid) 393 mg
The powdered media, containing glucose (2g.s^ 11mM final .concn.), and 
HEPES were dissolved in 800 ml distilled water and the pH adjusted 
to 7»^ - with NaOH (1M) before the final volume (1 1) was made up.
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2.3.c. Krebs ringer phosphate buffer (KRP) ■
KRP was made up freshly from stock solutions which were prepared
17-8 gm 
800 ml
pH adjusted to pH 7*^ - with HC1 (1 M) before final volume adjusted 
to 1 1 with distilled water
B. Stock Solutions Vol (ml)
Sodium chloride (.b.5% w/v) 100
Potassium chloride (5*7% w/v) k
Calcium chloride (0,11 M) 2
Magnesium chloride (191% w/v) 1
Distilled water V50
450 ml of solution B was then mixed with 50 ml of stock phosphate 
buffer (A) and glucose (1 gm) was added.
1 oin bulk and stored at H- C.
A. Phosphate buffer 0.1 M pH 7*^ -
' Na2HP0^
Distilled water
Chapter 2.k. Lung: cell isolation - final preparation method 
and experiments with isolated cells (Fig. 3*1)
.a. Perfusion, with ventilation, of rat lungs
•b. Perfusion, by syringe, of rat lungs
•c. lavage of rat lungs
•d. The dispersal of the lung into isolated cells
.e. The fractionation of the crude cell population 
by bouyant density centrifugation
•f. Light microscopy - the staining of air dried 
smears
i. Harris' Haematoxylin', stain
ii. Modified Papanicolaou stain
.g. The preparation of isolated lung cells for 
transmission electron microscopy
•h. The measurement of paraquat and putrescine 
accumulation by isolated cells
•i. The measurement of glucose oxidation by isolated 
cells
2.4-.a. Perfusion with ventilation
The chest of the rat was opened and a tracheal cannula 
inserted and tied in place. The right ventricle wan then 
sectioned and a cannula (1 nun external diameter) was inserted 
and fixed into the pulmonary artery. The inferior vena cava and 
the left auricle were next sectioned and the lungs perfused with 
phosphate buffered Dulbecco's salts, modified without calcium 
and magnesium, (PBS) (Flow Labs., U.K.) at 2 ml per minute for 
10 minutes. During perfusion, the lung was ventilated with 
ambient air (40 cycles/min., 25.cm H20 maximum pressure). At 
the end of the perfusion, only those lungs which were visibly 
devoid of blood were taken.
2.4-.b. Perfusion by syringe
The chest of the animal was opened and a hypodermic needle 
(21-gauge) inserted into the pulmonary artery, via the right 
ventricle. The left auricle was sectioned and phosphate buffered 
Dulbecco's salts modified without calcium and magnesium, (PBS) 
(Flow Laboratories, U.K.) (20 ml) was perfused through the lungs, 
via the needle, from a hypodermic syringe (10 ml). Following 
perfusion, only lungs cleared, as described above, were used.
2.4-.c. The Lavage of rat lungs
As for perfusion, the chest was opened and a tracheal 
cannula inserted. The lungs were then lavaged through the 
cannula with either Joklik MEM or HBS, as appropriate to the
experiment. During experiments to obtain isolated cells, 
perfusion always preceded lavage, cannulation of the trachea 
was therefore unnecessary. Routinely four lavage washes were 
carried out prior to enzymic digestion of the lung.
2.4-.d. The Dispersal of the lung into isolated cells
Following perfusion or lavage, the lungs were removed and
the tracheobronchial tree dissected away. The lobes were then
taken, washed in the appropriate medium (Joklik MEM or HBS, or
0.9% saline when media were being compared) and minced.
Initially mincing was carried out with scissors to yield cubes
3
of tissue approximately 1 mm volume,;however, in later 
experiments it was found to be more efficient to double slice 
the lungs on a Mcllwain tissue chopper which yielded cuboids 
of tissue (0.5 x 0.5 x 1-5 mm). The pooled tissue mince from 
3 rats was suspended in fresh medium (Joklik MEM or HBS)., 
gently mixed on a magnetic stirrer for 5 minutes and then 
filtered on nylon bolting cloth (8-J- N-14-5) to remove any free 
cells. When it was the intention to produce a Type II cell 
enriched population, the mince was resuspended in a fluoro- 
chemical emulsion (20 ml) and incubated for 20 min at 37°C 
in a shaking water bath (100 cycles/minute). The emulsion 
was prepared, as described by Mason et al (1977)» by sonnication 
of Fluorochemical FC80 (Minnesota Mining Company, U.S.A.) (1 ml) 
with bovine serum albumen solution (Kohn fraction V, Sigma 
Chemical Co., U.K., 10 mg/ml in incubation medium) (4-ml) after
which the final volume was adjusted to 20 ml with further 
bovine serum albumin solution. Following the incubatio^ the 
mince was again filtered on nylon bolting cloth (8-J- N-14-5). This 
incubation step and the subsequent filtration were omitted if the 
purpose of the preparation was merely to produced a mixed lung 
cell population. The lung mince was next resuspended in fresh 
medium (20 ml) containing collagenase (0.1%) and incubated at 
37°C in a shaking water bath (100 cycles/minute) for kO minutes.
At the end of the incubation time^digestion was arrested by addition 
of a further 10 ml of medium containing an excess of soya bean 
trypsin inhibitor (BDH Biochemicals Ltd.) (0.3%)? and the 
incubation continued for a further 10 minutes. The lung suspension' 
was then filtered through successive layers of nylon bolting 
cloth (sizes: 8-JN-l4-5» 25T-4-5, 25T11-25) to yield dispersed 
cells. The cell suspension was washed twice with fresh medium 
followed by centrifugation (2000 x g max for 10 minutes) and.finally 
resuspende.d in 3 ml of medium containing 0.05% DNAse (Type I,
Sigma Chemical Co.) to minimise cell clumping. The population 
thus obtained was termed the crude cell population. The cell 
viability was determined by exclusion of trypan blue and the total 
cell yield was estimated using as improved Neubauer counting 
chamber. The population was then diluted as required by the 
addition of fresh medium (JokLik MEM or HBS).
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2.4-.e. The fractionation of the crude cell population by 
bouyant density centrifugation
Solutions of Ficoll 4-00 were prepared in Joklik salts or 
HBS were prepared with specific densities, determined from- their 
refractive indeces as tabulated by Pretlow and Boone (186).
Differential gradients were prepared, in clear polycarbonate tubes 
(23 ml), at 4-°C by sequentially layering Ficoll solutions (3 ml) 
of decreasing density (Fig 2.1a). The bottom layer of each 
tube contained an extra 3 ml of the densest layer to cover the 
curved region of the tube. The crude cell suspension (3 ml) 
obtained by enzymic digestion was then layered on top of the 
Ficoll solutions and the tube centrifuged, at 4-°C, for 60 minutes 
in a Beckman J-6 centrifuge, at a speed producing a force of 
2200 x g max at the density interface from which the Type II 
cell enriched fraction was to be retrieved. Following the 
centrifugation, the differential density layers were seen to be 
retained but cellular material was observed to have collected at 
the interfaces between the density layers (Fig 2.1b). The cell 
population enriched in Type II alveolar epithelial cells was 
collected over a density of'1.048 g/ml. Cells were retrieved 
in early experiments using a pasteur pipette, but in later 
preparations by displacement of the layers with a denser 
solution and collection through a concave cap (Fig 2.1.c).
Following retrieval, the cells were washed twice in fresh
medium (23 ml) followed by centrifugation (2000 x g max for 10 minutes)
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and resuspended (5 ml). This population was termed theT ype II 
enriched population. The cell viability of this population was 
assessed by exclusion of typan blue and the total cell yield was 
estimated using an improved Neubauer counting chamber. Air 
dried smears of cell populations were routinely prepared 
for staining with Harris1 haematoxylin or Papanicolau; stain.
2.*f.f. Light microscop?/- of isolated cells - staining of air 
dried smears
•i« Harris1 Haematoxylin Stain 
Kikkawa and Smith (187)
1. Air dried smear of cells prepared on a clean glass slide
2. Stained for J>0 sec in Harris’ Haematoxylin stain
3. -Washed in tap water, 3 sec
b. Blued by dipping in Lithium Carbonate (0.3%) (BDH Ltd)
5. Washed in tap water, 3 sec
6. Dehydrated through 30, 73, 100% alcohol solutions
7. Clear.ed in xylene
8. Mounted in D.P.X. embedding medium
•ii. Modified Papanicolaou Stain 
Kikkawa and Yoneda (121)
1. Air dried smear of cells prepared on a clean glass slide
2. Stained in Harris’ Haematoxylin, b min
3. Washed in tap water, 3 sec
f^. Dehydrated in 70%, 93% ethanol, 1 min each
3. Stained in Orange G 6, 2 min
6. Washed in 93% ethanol, 2 changes
7. Stained in Papanicolaou;1 's EA30 stain, 1~2 min
8. Washed in 93% ethanol, 2 changes
9. Dehydrated through absolute alcohol to xylene
10. Mounted in D.P.X. embedding medium
Stained slides were mounted in D.P.X. by placing a drop of 
the mountant on a clean coverslip, taking the slide directly
from the xylene, inverting it over the coverslip and pressing 
gently so that the mountant spread under the coverslip.
Slides were examined using a Vickers M13 c microscope at 
magnifications of x 40, x 100 and x 400 through air and x 1000 
by oil immersion.
2.4.g. The preparation of isolated cells for transmission 
electron microscopy
Method A
1. Cells pelleted by centrifugation, 2000 g for 10 minutes.and .. 
resuspended in bovine serum albumin solution (Kohn Fraction 
V, Sigma Chemical Co., U.K., 10% w/v in phosphate buffered 
(0.1 M) saline (0.9%, pH 7-4).
2. Drops of cell suspension pipetted onto PTFE tape, mixed with 
glutaraldehyde (12% v/v) in sodium cacodylate buffer (0.1 M 
acqueous, pH 7*2), approximately -j by volume, and left to gel.
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3. Gels diced to less than 1 mm dimensions
k. Gels fixed in glutaraldehyde (k°/o v/v in sodium cacodylate
buffer), 1 hr
3. '-Washed in sodium cacodylate buffer, 3 x 10 mins
6. Post fixed in osmium tetroxide (1% w/v in sodium cacodylate 
buffer), 16 hr
7. V/ashed in sodium cacodylate buffer, 3 x 10 mins
8. Dehydrated through ethanol solutions, 50%, 75%> 100^,
2 x 10 minutes each
9* Placed in propylene oxide, 2 x 10 min
10. Washed in 1 : 1 mixture of propylene oxide and embedding 
resin, 1 x 20 min.
11. V/ashed in embedding resin, 1 x 10 min.
12. Placed in embedding capsule, with fresh resin and polymerised
as appropriate
Method B
1. Cells pelleted by centrifugation 2000 g x 10 min
2. Fixed overnight in glutaraldehyde in sodium cacodylate
buffer, 0.1 M aqueous, pH 7-^)
3. V/ashed in sodium cacodylate buffer, 2 x 10 min
4. Post fixed in osmium tetroxide (1 % in sodium cacodylate buffer),
1 hr
5. Dehydrated through ethanol solutions, 50, 75j 95* 100%,
2 x 10 min in each.
6. V/ashed in propylene oxide, 2 x 10 min
7. Placed in propylene oxide/resin (1 : 1 v/v) 1 x 20 min
8. V/ashed in resin, 1 x 10 min
9. Eesuspended in fresh resin, transferred to an embedding
capsule and polymerised as appropriate
After each stage, except 9, cells ivere re-pelleted by centrifugation 
(2000 g x 10 min) to allow removal of the washing medium.
Embedding resin
Both Taab 812 and Spurr resin were used in these studies.
Following polymerisation, sections (1^w) were cut, post fixed 
in lead citrate and uranyl acetate, and were visualised on a Joel 
100B transmission electron microscope.
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H.^ f.h. Measurement of paraquat or putrescine accumulation 
by isolated lung cells
A suspension of isolated cells in Joklik'MEM or HBS was
&
prepared as described (2.4-.a-e) containing 0.5 - 1.5*10 c'ells/ml, 
divided into aliquots (1 ml) and incubated in plastic tubes. 
Incubations, which were carried out for 15* 30 and 60 minutes
in a shaking water bath (100 cycles/min) at 37°C; were started
1^ f 1^fby the addition of ( C-methyl) paraquat (33 pOi/pmol) or 1,*f C
putrescine (116 ^ .Ci/^ umol) to give the required concentration.
In order to compare the observed"accumulation into the cells,
•3
with that due to diffusion, ( H) water was also included in the 
incubations. Incubations prepared as above were compared with 
those at 0°C or in the presence of potassium cyanide (1 mM) 
to indicate energy dependence. Incubations were terminated 
by a modification of a method developed by Skilleter (188), for 
the separation of mitochondria. Microtubes (1.5 ml, Hughes and 
Hughes Ltd.) containing silicone oil (200 ul, 50V70, Jacobson 
Chemicals Ltd) layered on 1.5 M perchloric acid (50 pH) were 
prepared and cooled to ^C. Aliquots (^00 ul) of the incubated 
cell suspension were then layered on the silicone oil and the tubes 
centrifuged in an MSE Minor centrifuge (2000x g max for 10 minutes) 
After centrifugation 3 layers remained in the tubes, although 
the cellular material from the media layer had passed, through 
the oil, . i n t o  the perchloric acid layer (Fig 2.2). Samples of 
the media and the perchloric acid layers were sampled for measurement 
of radioactivity (as described - Chapter 2.5.f). using dual label
Fig. 2.2 Measurement of paraquat and putrescine accumulation by
isolated cells
Removal of cells from media
a) Microtube before centrifugation
Medium + cells (^00 jil)
silicone oil (200 ^ -1)
1.5 M perchloric acid (50 ^ 1)
b) Microtube after centrifugation
Medium - cells
silicone oil
1.5 M perchloric acid + disrupted cells 
pellet of cellular material
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1A 3scintillation spectrometry. Results were determined as C/ H
'lbratios m  cells and media and hence the ratio of C in the cells as
compared to the media was determined.
2.A.i. The measurement of Glucose Oxidation by isolated cells
n
Suspensions of lung cells (approx .10 cells) in HBS (0.3 ml)
'lb-
containing glucose (11 mM) and 1 ^ iCi(U- C) glucose (2.b mCi/mmol)
were incubated in sealed conical flasks (10 ml) with centre wells.
1AEvolved CO^ was trapped in KOH (28% w/v, 0.2 ml), placed in the 
centre well with a 2 cm square filter paper (Whatman No 3^1).
Incubations were carried out at 37°C in a shaking water bath
(100 cycles/min) and duplicate flasks were used for each time 
point at 30 minuted intervals for upto 3 hours. After incubation 
flasks were sampled and radioactivity was determined as described 
(Chapter 2.3.f).
Chapter 2.3 Methods for experiments using lung slices
.a. Preparation of lung slices
•b. The measurement of paraquat or polyamine 
accumulation by lung slices
1A.c. The measurement of (U -C glucose utilisation 
and oxygen consumption using a Gilson 
differential respirometer
1A 1A.d. The determination of (U- C ) or ("I- C ) glucose
oxidation by rat lung slices 
.e. Estimation of the DNA content of lung slices 
.f. Determination of radioactivity 
.g. Histology
2.5»a- Preparation of lung slices
The lungs were removed from the animal and the tracheo­
bronchial tree dissected away. The lobes were then taken, 
washed in the buffer appropriate to the intended experiment 
(or 0.9% saline if media v/ere being compared) and placed on a 
pre-moistened filter paper (Whatman No 5A1) on the platform 
of a Mcllwain tissue chopper (Mickle laboratories, U.K.).
Slices were cut (0.5 mm thickness) and weighed into approx 
30 or 30 mg lots, as appropriate for the experiments to be 
carried out.
2.3*b Measurement of the accumulation of paraquat or polyamines 
by lung slices
Accumulation studies v/ere carried out essentially as
described by Smith and Wyatt ( 97 )• The incubation media were
1Aprepared in either KRP or HBS to contain 0.1 uCi/3 ml of ( C- 
methyl) paraquat dichloride (30 mCi/mmol), (1,A- C) putrescine
/j
dihydrochloride (116 mCi/mmol), ( C) spermidine trihydrochloride
■'j /j
(122 mCi/mmol) or ( C) spermine tetrahydrochloride (122 mCi/mmol) 
as appropriate. The finally desired concentration was then 
achieved by inclusion of the unlabelled salt. Medium (3 ml) 
was placed in 23 ml conical flasks which were covered and pre­
incubated in a water bath at 37°C for at least 13 mins. Tissue 
slices prepared from whole lung using a Mcllwain tissue chopper 
(Chapter 2.5.1) and excluding those with only one cut surface,
were weighed into lots of 50 mg (for incubations with paraquat
—5or polyamine concentrations of 10 M and greater) or 30 nig
-5(for concentrations less than 10 M). The v/eights were
recorded and the tissue placed in the appropriate, preincubated 
flask. Incubations \^ ere timed from the addition of the tissue.
At the end of the required incubation time an aliquot (100 ^ 1) 
of the incubation medium was taken for scintillation counting.
The tissue was then retrieved from the remaining medium by 
filatration on a Whatman No 5A1 paper, washed with fresh buffered 
salts solution and also collected for scintillation counting.
Results were expressed as nmoles accumulated/g wet weight lung 
and the rate of accumulation subsequently determined by linear 
regression.
1A2.5-c Measurement of (U- C) Glucose Utilisation and Oxygen 
Consumption Using a Gilson differential respirometer
*
Lung slices (0.5 mm thickness, 50 mg approx) ivere incubated
1Ain 3 nil medium containing glucose (11 mM) and (U- C) glucose
(1 pCi, 2.A mCi/mmol). Incubations v/ere carried out in conical
flasks (15 ml), with centre wells, on a Gilson differential respirometer
O 'iZi
at 37 C, in a shaking water bath (100 cycles/min). CO^ was 
trapped in KOH (20% w/v, 0.2 ml), placed in the centre well with 
a 2 cm square filter paper (Whatman No 5A1). After a 30 minute 
equilibration period, open to the atmosphere, flasks were sealed 
and oxygen consumption measured over a further A hours. Appropriate
flasks were removed after the equilibration period for determination
1Aof the amount of CO^ evolved during this time. After incubation 
the filter paper and KOH were transferred to a plastic 
scintillation vial and the centre well washed twice with distilled 
water (1 ml total at ICI Central Toxicology Laboratories or O.A ml 
total at the University of Surrey). The washings were also added 
to the scintillation vial and radioactivity estimated by liquid 
scintillation spectrometry as described (Chapter 2.5‘.f). In 
addition, an aliquot (100 pi) of the incubation medium was also 
taken for determination of its radioactive content. Results 
were expressed per 100 mg wet wt lung or per mg DNA. In the 
case of oxygen consumption results in the form of jxl 0^ consumed/
100 mg wet wt. lung were illustrated graphically against time (hr) 
to check their linearity and the gradient of this line was 
determined by the method of least squares. This gradient was taken 
as the mean rate of oxygen consumption during the assay period and
*
had the units p-1 oxygen consumed/100 mg wet wt lung/hour.
1A 1A2.5.d Determination of (U- C) or (I C ) glucose oxidation by rat 
lung slices
Lung slices (0.5 mm thickness, 50 mg approx.) were incubated
in 3 ml medium containing glucose (11 mM) and either ( U- C)
glucose (1 uCi, 2-A mCi/mmol) or (1- C) glucose (1 uCi, 3-9 mCi/mmol).
Incubations were carried out in conical flasks with centre wells 
1A
and CO^ was trapped in KOH (20% w/v, 0.2 ml), placed in the centre 
well with a 2 cm-square filter paper (Whatman No 5Al). Incubations
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were started by addition of the tissue slices to the medium,
after which the flasks were sealed and placed in a shaking
water bath (100 cycles/min) at 37°C. Flasks were removed
at regular intervals over the total incubation time and the 
1 A-evolution of ‘00^ determined as described (Chapter 2.5. S  ).
2.3.e Estimation of the DNA content of lung slices
The DNA content of lung slices was estimated by a 
modification of the method of Burton (189).
Diphenylamine Reagent - freshly prepared for use as required
Diphenylamine (BDH Ltd) 100 mg
Concentrated sulphuric acid 1.5 ml
Glacial acetic acid 73 ml
Acetaldehyde (16 mg/ml agueous stock 10 ul
solution stored at 4 C)
Extraction of lung slices
Lung slices (100 - 300 mg) were homogenised,using a polytron, 
in 6% perchloric acid (3 ml) and left on ice for 1 hour to allow 
precipitation.
The precipitate was washed twice in ethanol and once in 
ethanol/ether (1.1.v/v), with centrifugation (2000xg for 10 minutes) 
between each wash. The pellets were then hydrolysed twice in 3% 
trichloroacetic acid (2.3 nil) at 90°C for 10 minutes to yield 
3 ml of extract which was centrifuged (2000xg for 10 minutes) and the 
supernatant fractions collected.
For standards, 2 ml DNA solution (^ fOO yug/ml in NaOH) +
2 ml trichloroacetic acid (10%) were hydrolysed for 10 minutes 
at 90°C.
Aliquots of hydrolysed lung supernatant fraction (100 or 
200 jjl). or standard (0-200 jig DNA) were taken and made up to 
1 ml with trichloroacetic acid (5%). Diphenylamine reagent 
(2 ml) was then added, the sample mixed and the colour allowed 
to develop at 30° C for 17 hours (overnight).
Absorbances were read against distilled water at 600 nm.
2.3«f Radioactivity Determinations
•^# Studies carried out at ICI Central Toxicology Laboratories
Scintillants: Insta gel - Packard Instruments Ltd
Dimilume - Packard Instruments Ltd
Tissue solubiliser:- Soluene 350 - Packard Instruments Ltd
a. Samples from paraquat/polyamine accumulation studies
1. Incubation Media. Each medium aliquot (0.1 ml) was added 
to 0.9 ml distilled water in a plastic scintillation vial. 
Insta gel (10 ml) was then added to each vial.
2* Tissue. The washed lots of tissue slices were placed in glass 
scintillation vials and dissolved in Soluene 350/with heating- 
up to 60°C. Dimilume (10 ml) was then added to each vial and 
they were then stored overnight at A°C in darkness, to reduce 
chemiluminescence, before being placed in the scintillation 
counter.
b. Samples from glucose oxidation determinations
1. Incubation media. The media aliquots (0.1 ml) from glucose 
oxidation assays were treated in the same manner as the 
media samples from the accumulation studies.
2. CO^ trapping agents . The KOH and filter paper combined with 
the centre well washings were placed in plastic scintillation 
vials (20 ml) to which Insta gel (15 ml) was added.
The radioactive content of the vials was determined using 
an Intertechnique SL 30 liquid scintillation spectrometer. Counting 
efficiency was determined by the addition of internal standards
1 if
of C hexadecane to vials at random, which were then recounted. 
The observed counts were thus converted to disintegrations per 
minute. ~
,5.f.2. Studies carried out at the University of Surrey
Scintillant containing:-
Toluene (sulphur free)
Synperonic NX (Durham Chemicals
Distributors Ltd, Birtley, Tyne & Wear,
England)
2,3-Diphenyloxazole (PPO)
1,4 Di-2-(4 methyl-5 phenyl-oxazoyl) 
benzene (Dimethyl POPOP)
667 ml/1 
333 ml/1
25 g/1 
1 S/1
Tissue solubiliser - Soluene 350 (Packard Instruments Ltd)
Samples from paraquat/polyamine accumulation studies
Media. Aliquots of medium (0.1 ml) were placed in plastic 
scintillation vials (5 ml) containing distilled water (0.4 ml). 
Scintillant (4.5 ml) was then added to each vial.
Tissue. 5 methods were used to prepare tissues for scintillation 
counting:
Method 1 - Tissue lots were dissolved in soluene 350 (1 ml) 
in glass 20 ml scintillation vials, with heating up to 60°C. 
Scintillant (15 ml) was then added to each vial.
Method 2 - Tissue lots were dissolved in soluene 350 (0.25 ml) 
in glass 6 ml scintillation mini-vials, with heating up to 
60°C. Scintillant (4.5 ml) was then added to each vial.
Method 3 - Tissue lots were dissolved in KOH (0.5 H, 0.25 ml) 
in plastic scintillation mini-vials (5 ml) with heating up 
to 40%. The vial contents were then acidified by the 
addition of 0.5 M HC1 (0.25 ml) which was followed by the 
addition of scintillant (4.5 ml).
Following method 1 or 2,vials were stored at least overnight 
at 4°C and in darkness to decrease chemiluminescence before 
counting radioactivity.
Samples from glucose oxidation determinations
Incubation media. The media aliquots (0.1 ml) from the 
glucose oxidation assays were treated in the same manner as 
the media samples from the accumulation studies.
«2• CO.-, trapping agents. The KOH and filter paper combined with
the centre well washings were placed in plastic scintillation 
mini-vials to which scintillant (4.5 ml) was added. Samples 
were stored overnight at 4°C in darkness before being 
counted.
Radioactivity determinations were made in 20 ml scintillation
vials using an LKB Ultra-beta liquid scintillation specrometer.
For samples in 6 or 5 ml mini-vials an LKB Rackbeta spectrometer
was used. In either case counts were converted to disintegrations
per minute automatically from pre-programmed quench curves which
/1 f^had been prepared using ( C) sucrose standard capsules (LKB Wallac). 
2-5*g Histology
1• Preparation of paraffin wax embedded sections
a. Fixation
Tissue pieces were fixed in 10% neutral buffered formalin. 
Formula for 10% neutral buffered formalin
Formalin (kCP/o formaldehyde) 100 ml
Sodium dihydrogen orthophosphate (NaH^PO^.2^0) 4.5 g
Anhydrous disodium hydrogen orthophosphate 6.5 g
(Na2HP0if)
Distilled water to 1 litre
b. Processing
The tissue was embedded in paraffin wax as follows:
A piece of tissue 2.3 mm in thickness was cut from each sample 
and placed in a metal processing container together with an 
appropriate, unique reference number. The containers were 
placed in a tissue basket fitted to a Histokinette automatic tissue 
processor (British American Optical Co. Ltd.).
Tissues were transferred automatically through the solutions 
indicated below to carry out the processes of dehydration, clearing 
and impregnation with wax.
Dehydration 
70% alcohol 
85% alcohol 
95% alcohol 
100% alcohol 
100% alcohol 
100% alcohol
1 hour 
1 hour 
1 hour 
1 hour 
1 hour 
1 hour
Clearing 
Toluene I 
Toluene II
1 hour 
1 hour
Impregnation
Paraffin wax I )
) at 58°C 
Paraffin wax II)
1 hour 
1 hour
The melting point of the wax'(Fibrowax, R. A. Lamb Ltd., 
London, England) was 56°C. After this process, the tissue 
containers were transferred to a vacuum embedding oven containing 
paraffin wax at 38°C for 30 minutes. This acted as a third wax 
bath and the reduced pressure aided impregnation by ensuring 
the removal of any remaining air bubbles and-clearing agent.
The tissue was removed from the processing container with 
electrically heated forceps and placed in a mould containing 
molten wax. The tissue was orientated such that the surface 
to be cut lay on the base of the mould. A plastic backing was 
then placed in the mould with the tissue reference number and 
the wax allowed to harden.
c. Section Cutting
Sections were cut from the blocks at a specific thickness 
between 3-10 jx using a rotary microtome (American Opticaly 
Spencer 820) and floated on distilled water at 50°C to remove 
creases.
The sections were mounted on glass slide by half submerging 
the slide into the water, near to the section, and withdrawing 
so as to bring the flattened section with it. The slides were 
dried initially on a hot plate and then placed in an incubator, 
at 37°C, overnight.
2. Staining
Haematoxylin and Eosin (HqE)
Sections were stained with Ehrlich*s acid haematoxylin 
and eosin.
Slides were placed in:-
1. XYLENE to remove the wax 2 minutes
2. ABSOLUTE ALCOHOL 1 minute
3. 70% ALCOHOL 1 minute
*f. 30% ALCOHOL 1 minute
5. DISTILLED WATER Rinse
6. EHRLICH'S ACID HAEMATOXYLIN 13 minutes
7. Blued in TAP WATER 3 minutes
8. Differentiated in ACID ALCOHOL
(1% Hydrochloric acid in 70% alcohol) 
by agitating for about 3 seconds
9. Returned to TAP WATER 1-2 minutes
10. Examined under low power microscope to ensure 
the sections were sufficiently differentiated
11. Blued in TAP V/ATER -15 minutes
12. Counterstained in EOSIN (1% Aqueous) 2 minutes
13. Rinsed in TAP WATER 30 seconds
1^f. Dehydrated in 83% alcohol *»'
15. Dehydrated in 100% alcohol »»
16. Dehydrated in'100% alcohol •*
17* Cleared in xylene
18. Cleared in xylene
Sections were then mounted in D.P.X. (B.D.H. Ltd.) by 
placing a drop of the mountant on a clean coverslip, taking 
the slide directly from the xylene, inverting it over the 
coverslip and pressing gently so that the mountant spread 
under the coverslip.
Slides were examined at x 40, x 100, x 400 magnification 
with a Vickers M15C microscope.
Chapter 2.6 The Short Term Culture of Lung Explants
•a. Preparation of cultures
„b. Measurement of the accumulation of 
putreseine by lung explants
a. Short term culture of lung explants
Lung tissue either from male wistar rats (200 g body wt, 
from the University of Surrey Animal Breeding Unit), killed by 
halothane exposure, or obtained from humans during surgery was 
placed in Leibovitz L-13 medium. Plastic petri dishes were then 
prepared by scratching a small area on the surface of the dish 
with a scalpel. Pieces of gelatin sponge (Gelfoam, Upjohn 
Company, Crawley, U.K.) of approximately 1cm x 2 cm upper 
surface area which had previously been soaked in Leibovitz L-13 
medium at 37° C were placed upon the scoured surface (1 spoi^e 
per dish). Lung tissue was then cut into small cubes (approximately 
10 mg weight) and two pieces placed on each sponge.
CMRL-1066 medium (GIBCO-Biocult Ltd., Scotland) (2.3 ml) 
containing 3 % (v/v) foetal calf serum (GIBCO-Biocult Ltd) was 
added to each petri dish. The dishes were placed in a gas tight 
chamber, containing an atmosphere of 3% carbon dioxide, ^5% oxygen, 
30% nitrogen, on a rocking platform (Bellco, Model 6K2-1083). This 
apparatus was maintained at 37°C rocking at 10 cycles/minute so that 
the explants were immersed in medium for 30% of each cycle.
b. Measurement of the Pate of Accumulation of Putrescine by 
Lung Explants
Petri dishes containing explants of lung were taken from the 
incubator and the medium removed. The gelatin sponges were divided 
in two, with a scalpel blade, so that one piece of lung tissue
remained on each half. One of the sponges was then transferred 
to a new petridish, scratched as described before (Chapter 2.6 .a ), 
so that each dish contained only a piece of tissue. HBS (3 ml) 
containing ( C 9 putrescine (10jaM), prepared as described 
(Chapter 2.3.b ), was added to each dish, which were then returned 
to a rocking platform at 37°C for 13» 30 or 60 minutes. At the 
end of the required time dishes were removed from the incubation 
and an aliquot of medium (100^1) taken. The piece of lung was 
then removed from the gelatin sponge, washed in fresh HBS, dried 
by being wiped on a clean glass surface and weighed. The tissue 
was the dissolved in soluene 350 as described (Chapter 2.5.f.2). 
The sponge was also taken, wiped on a-glass surface and weighed. 
The content of radioactivity of the medium, the lung tissue and 
the sponge was subsequently determined by the techniques 
previously described (Chapter 2.3.(f.2).
Chapter 3. The isolation of Type II alveolar epithelial 
cells from rat lung
.1. Methodological development
a. Aims and Introduction
b. The enzymic dispersal of lung
c. Identification of free lung cells
d. The determination of the ability of Type II
enriched, free lung cell populations to 
accumulate paraquat.
.2. The investigation of tho, function of the lung 
during the Type II cell isolation procedure
a. Introduction
b. The comparison of incubation media for lung
slice experiments
c. The comparison of the function of lung slices
from rats anaesthetised with sodium pento­
barbitone compared to those killed by fluothane 
exposure
d. Perfusion of rat lungs by syringe
e. Perfusion of rat lungs by syringe
f. Lavage of rat lungs
g. Perfusion, with ventilation, followed by lavage
of rat lungs
h. Putrescine accumulation by crude, free lung cell
populations
Discussion
3.1. Methodological development
a. Aims and Introduction (Fig. 3-1)
The potential uses of isolated lung cells has been discussed 
(Chapter 1). In the present context, the aims of the project were 
defined as: a. The preparation of viable populations of cells
from rat lungs (which may be enriched in Type II alveolar 
epithelial cells). (One of the primary reasons for obtaining these 
cells was for the study of the mechanisms of uptake and toxicity 
of paraquat. Since the majority of the experimental data about 
this agent is from the rat, it was essential to obtain cells also 
from this animal).
b. The identification of the cell types in the isolated lung cell 
populations.
c. Further enrichment of the Type II cell content of the isolated 
cell populations.
d. Assessment of the properties of isolated Type II cells, in 
particular, their ability to accumulate paraquat.
Male Wistar rats from the University of Surrey animal breeding 
unit with body v/eights of approximately 200 g were anaesthetised 
with sodium pentobarbitone as described (Chapter 2.1). This 
method of anaesthesia was chosen as it minimised the time between 
the end of pulmonary blood flow ana the start of vascular perfusion 
and did not entail exposure of the alveolar epithelium to any 
inhaled drug.
Figure 3.1 Schematic representation of the method of isolation
of Type II alveolar epithelial cells from rat lung
procedure repeated 
for 2 more animals
Incubate with enzyme (Collagenase 0.1%)
lung removed - peripheral tissue minced
lung mince from 3 rats pooled and washed
Enzyme inhibitor added
Incubate mince with Flurochemical FC8o/albumin emulsion
Rat anaesthetised (sodium pentobarbitone) 
or killed by halothane exposure
Filter freed cells on nylon bolting cloth 
to yield crude cell population
 ------------------ TT-----------lung lavaged with Ca free medium
lung perfused and ventilated (10 mins) 
with Ca++ and Mg++ free medium
Freed cells fractionated on discontinuous ' 
density gradient of Ficoll ^00 to yield alveolar 
Type II enriched cell population
*This stage omitted when crude cell population only were prepared
The method of perfusion did not vary to any extent during 
the course of these studies, once the technique had been 
established* Thus, lungs were perfused with Joklik MEM or
+4-
phosphate buffered Dulbecco's salts (modified without Ca and
4*4”
Mg ) (Flow Laboratories Ltd) and ventilated with air as 
outlined (Chapter 2.^ -.a). Following cannula'tion of the 
trachea the animal was permitted to continue to breathe unaided 
until the diaphragm was sectioned, when mechanised ventilation 
was started. Once perfusion was begun, the majority of the 
tissue rapidly became devoid of blood, although, the procedure 
was continued for 10 minutes to ensure maximum clearance of blood
4" *|1
cells and infusion of the Ca free medium. At the end of this 
time any regions from which blood had not been cleared were 
easily visible.
After perfusion of the lungs, they were lavaged with 
Joklik MEM (5 ml per wash) to maximise the retrieval of free 
cells. This stage was particularly important as our animals were 
not specific pathogen free and their lungs contained many free 
phagocytic cells. It was found that over a course of 8 x 5  ml lavage 
washes more than SCF/o of the total cells retrieved came from the first 
four washes (Fig 3*2).
The lung was next minced as in the procedure of Kikkawa 
and Yoneda (121). This method was chosen rather than that of 
Mason _et al (197^ -) because the rats used were not specific
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Fig:. 3.2 Removal of cells from rat lung by lavage
30
20
10
-o
8621 3 75
number of lavages (3 ml)
The lungs of 3 rats were lavaged and each wash collected and 
pooled for all 3 animals. Total cell numbers were estimated 
using an improved Neubauer counting chamber
pathogen free and their lungs contained many free cells. It 
was particularly important that as many free cells as possible 
be removed before enzymic digestion and therefore filtration 
of the lung mince on nylon bolting cloth was considered to 
be a necessary step. As reported by Kikkawa and Yoneda (121) 
the majority of nucleated cells removed, from the mince, by 
this wash were macrophages (Fig 3«3)«
Once the mince had been digested and an isolated cell 
population obtained it was necessary to take steps to prevent these 
cells from clumping when resuspendei in Joklik MEM. To overcome 
this problem DNAse (0.03%) was added to the medium.
In initial experiments, the type II cell content of the 
crude cell fraction was enriched by centrifugation over a Ficoll 
solution based upon the method of Kikkawa and Smith (187). The 
cells (<30.10^ cells/ml) were diluted in Joklik MEM and then 
layered on a solution of Ficoll *f00 in incubation medium with a 
density of 1.0*f8 g/ml (at *f°C). Each 30 ml tube contained 13 ml 
of Ficoll-Joklik solutuion and 3 ml of cell suspension and 
centrifugation was carried out at 4°C for 1 hr at a speed 
sufficient to give a sedimentation force of 2200 x g at the 
interface. After centrifugation the cells were collected on top of 
the 1.0*$ g/ml density. This cell population also contained much 
cell debris a large part of which could be removed without 
affecting the cell yield by including a second Ficoll solution 
of density 1.02*f g/ml in the gradient. Subsequently the gradients
Figure 3*3 Cells removed from rat lung mince during washing
a)
Cells removed from rat lung mince by washing on nylon bolting 
cloth (8-g- N - The majority of the cells are nucleated. Air
dried smear stained v/ith Modified Papanicolaou stain, 100 x mag.
b)
detail of a) the majority of the cells are apparently 
macrophages. A00 x magnification.
were constructed with 5 ml of this second density between the 
1.0*$ g/ml density and the cell suspension.
In order to maximised the removal of macrophages by 
discontinuous density centrifugation, an earlier stage of 
incubation of the undigested lung mince with a fluorochemical 
albumin emulsion was used. The emulsion was prepared, as 
desribed by Mason et (123) by sonnication of 1 ml Flurochemical 
FC80 (Minnesota Mining Co. USA) with'*t- ml of bovine serum albumin 
(Kohn fraction V, Sigma Chemical Co) (10 mg/ml in incubation 
medium) before the final volume v/as adjusted to 20 ml with 
further bovine serum albumin solution. The objective of this 
incubation has already been described (Chapter 1.*f-.c).
3*'l»b. The enzymic dispersal of the lung
In preliminary experiments the most successful enzymic ■ 
digestion to yield a free cell population was obtained with 0.1% 
collagenase (BDH Biochemicals). When lung mince was incubated 
with this enzyme for 40 minutes at 37°C consistent yields of 
1-3.10 cells per rat were retrieved following centrifugation 
on the discontinuous ficoll gradient (Table 3*I)- The viability 
of these cells, assessed by exclusion of trypan blue was 
consistently greater than 90%. Subsequently, similar results 
were obtained with collagenase from another source (Sigma type II).
Incubations with trypsin (0.3%j 1:230, GIBCO-biocult Ltd) 
only yielded a measurable cell population in 2/3 experiments and
Table 3-1 The isolation of rat lung cells3- with collagenase (0.1%) •
Type II
b
cell enriched population
Crude Cell Cellz-Yield of/O
Q
Estimated Trypan blue
Preparation Yield. 10®* .10 /rat Recovery % of Type viability
/rat II Cells
43 7.7 18 49 90%
- 1.8 - 27 I I
- 2.5 - ■ 38 II
34 '2.7 10 60 u
16 1.8 14 57 t t
- 1.3 - 70 It
33 1.9 7 80 I t
35 3-8 15 56 t l
56 3.1 8 47 II
43 4.1 13 63 II
34 1.4 6 66 40%
79 17.5 33 33 • 25%
73 6.7 14 70 9 9%
95 4.9 7 .62 6CP/0
134 6.6 6 65 90%
63 2.1 4 61 51%
93 0.9 1.2 59 V7%
62 84 18 59 . 98%
mean + S.E.M. 60+8 4.4+0.9 12+2 57+3
(n) (1*5) (18) (15) OS)
cl
Cells were isolated from the lungs of 3 rats with collagenase following 
perfusion and lavage (Fig 3.1).
b
Cells retrieved from discontinuous density gradient centrifugation, 
of a density 1.048 g/ml
c
Type II cells estimated from air dried cell smears stained with 
Harris’ haematoxylin or Papanicolaou stain (modified)
on both of these occasions the yield and viability were lower 
than those obtained with collagenase.
Inclusions of elastase (0.1%) with collagenase in the 
incubations did not increase the yield of cells obtained with 
collagenase alone.
The greatest cell yields were obtained with Pronase (1%) 
however in these populations the viability was greatly reduced 
to 80% or less (measured by trypan blue exclusion). As a 
result of these preliminary investigations collagenase (0.1%) 
was preferred for production of a free lung cell population.
3.1.C Identification of free lung cells
Smears of free lung cells were routinely prepared by the 
methods of Kikkawa and Yoneda (121) and Kikkawa and Smith (187).
It was possible to identify a number of cell types including 
lymphocytes, polymorphonuclear leucocytes, Type II cells and 
macrophages. With either stain, the criteria for identification 
of Type II cells was the presence of visible inclusion bodies 
in the cytoplasm of the cell, and it is relevant to note a 
problem encountered concerning the occurence of these bodies. 
Macrophages were also seen to contain the inclusion bodies and 
whilst in the majority of cases it was possible to differentiate 
these cells from Type II cells, (Fig 3*4), there were many occasions 
in which such identifications were highly subjective. In addition,
1 uu
Figure 3.4. isolated cells frorr. rat lungs
Type II cells (II) contain dark staining cytoplasmic inclusions. 
Air dried smear stained with Harris’ haematoxylin stain, 1000 x mag, 
photographed under oil immersion.
Figure 3-4 (continued)
The figure contains 1 Type II cell (II) with dark staining 
cytoplasmic inclusions. The figure also contains a large 
macrophage (K) with a poorly stained cytoplasm. Air dried smear 
stained with modified Papanicolaou stain, 1000 x magnification, 
photographed under oil immersion.
the ability to recognise ^pe II cells by these stains v/as 
largely a matter of experience. It was, therefore, felt that 
the available light microscopic techniques alone were not 
totally satisfactory for the identification of Type II cells.
Despite these criticisms, determinations were made which indicated 
that in the cell populations retrieved from the ficoll discontinuous 
gradient contained 57 .+ 3% (mean + SEM) from 18 experiments) of 
cells with cytoplasmic inclusions which were thought to be Type 
II cells (Table 3-1).
In order to verify the identification of different cell types 
made by light microscopic techniques samples of cells were also 
examined by transmission electron microscopy. As reported,
(Chapter 2.4.g) two methods of preparation were used, both of
which had advantages. The first method which involved the
suspension of the free cells in a gel, had the advantage that
the cells were randomly distributed in the sections obtained. However,,
as the cells were also widely dispersed, it was not possible to
count, a large number of cells. The second method of preparation
was a more conventional technique and allowed one to observe a
large number of cells, however because these had been pelleted
by centrifugation the sections obtained were not uniform. Thus
of the two methods of cell preparation for electron microscopy
the former allowed determination of relative cell numbers whereas
the latter gave a better indication of all of the cell types to be
found in the isolated population. These studies indicated that
the populations contained apparently viableT ype II cells as well
as ciliated cells, clara cells, macrophages, and various 
blood borne cells (Fig 3«5), and also indicated that the results 
obtained by light microscopy were of the correct order of 
magnitude.
The routine use of electron microscopy for the identification 
of the cellular constituents of the isolated lung cell populations 
' was not a viable proposition and a biochemical marker of Type II 
cells was therefore required. One candidate for this role was 
the possibility that these cells would specifically be able to 
accumulate paraquat. As were were already interested in studying 
such mechanism, an attempt was made to determine the ability 
of the free cell populations to accumulate paraquat as a function 
of their content of Type II cells.
3.1.d Determination of the ability of free cells to accumulate 
paraquat
When incubated at 37°C with a solution containing paraquat 
-6dichloride (3*10 M) little evidence for a time dependent uptake 
process was obtained. Although the amount of radioactivity 
associated with the Type II cell enriched populations was greater 
than that associated with macrophages obtained by lavage, the 
inhibitory potential of potassium cyanide was poor (Table 3*2).
Based upon a value of 6 pg of DNA per rat lung cell (190), these 
data (Table 3*2, experiment 3) represent less than 1 nmole 
paraquat/mg DNA/hr greater accumulation, by the Type II cell 
enriched population at 37°C than by cyanide exposed cells. One 
may estimate, from kinetics of paraquat into a lung slice (Km = 7« 10
l i e
Figure 3»5 Electron Micrographs of isolated rat lung cells 
a)
Figures 3- a & b. isolated Type II alveolar epithelial 
cells showing the lamellar inclusion bodies (L) characteristic of 
this cell type. Cell b) was apparently fixed whilst secreting 
surfactant from a lamellar body. 7200 x magnification.
'igure 3.5 (continued)
Figure 3* c & d. Isolated ciliated cells from rat lung (C).
Figure 3« c also shows a poorly staining Clara cell still attached 
to the ciliated cell. c. <4-200 x magnification, d. 7200 x magnification.
Figure y»5 (continued)
An alveolar macrophage showing numerous cytoplasmic projections. 
The cytoplasm also contains many polymorphous granules. ThOO x mag.
and = 300 nmol paraquat/ g wet wt/hr) (9 )^- that this will
—6accumulate from a 3•10** M solution at a rate of approximately 
12 nmoles of paraquat/g wet wt/hr. Based upon a DNA content 
of A-6 mg DNA/g wet wt lung (Chapter 3-2) an accumulation rate 
of approximately 2.3 nmoles of paraquat/mg DNA/hr. A slice 
contains only approximately 10% of Type II cells (*f) compared 
to the 60-63% of the free cell populations. It was therefore 
concluded that although some preferential uptake, of paraquat, 
into Type II cells occurred, compared to lavage cells (Table
3.2, experiments A and C), the extent of this accumulation was 
small. It was therefore considered that the isolated lung 
cells did not appear to accumulate paraquat in a manner similar 
to lung slices.
3.2. Investigation of the function of the lung during theT-ype 
II cell isolation procedure
In view of the apparent inability of the isolated lung 
cell populations to accumulate paraquat, studies were undertaken 
which were intended to show if and where, during the isolation 
procedure, this function was lost. In order to determine the 
relationship between the presence of this accumulation system 
and other markers of cellular viability, oxygen consumption and 
glucose oxidation rates were also measured. These experiments 
were initiated at the Central Toxicology Laboratories, ICI Ltd., 
and thus, the animals used were Alderley Park derived Wistar 
rats. During the course of the studies a persistent occurrence
Table 3*2 The accumulation of Paraquat (3yu.M) by isolated lung
cells
Paraquat Accumulated (pmol/10 cells)
Incubation time (min)
% type II 
cells
13 30 A3 60
Expt A
Type II enriched 
cell population 63 2.3 11.1
Type II cells + lavaged 
cells3-
(equal cell numbers)
32 ’ 2.A 3.9 A. 9 -
Expt B
Type II enriched 
cell population 62 9.5
VO•
CO 7-3 6.7
Type II enriched cell
population + .KCN (0.23mM)62 A.A 3.6 A.8 3-3
Expt G
Type II cell 
enriched population 63 2.3 6.9 7-7 8.3
Type II cell enriched
population + KCN (0.23mM)63 3.2 2.9 A.9 - A.6
Cells from lung lavage 
(1st 2 x 3 ml washes) 0 0.9 0.1 0.7 0.7
Type II cells + lavage 
cells3
(equal cell numbers)
33 1.3 2.5 2.2 3.0
Incubations were carried out in Joklik MEM containing approx,
10° cells/ml and ( Cj-methyl Paraquat (0.1 y* Ci/ml, 3yuuM) at 37°C. 
Duplicate samples were taken at each incubation time.
cl
Incubations containing Type II and lavaged cells were made up to 
contain equal numbers of cells from each source and to have a total 
cell concentration equal to the other incubations in the experiment.
Viability was greater than 9C%, determined by trypan blue 
exclusion, in all there experiments.
of abnormally low and widely varied rates of accumulation of
paraquat was noted which made interpretation of some results
a problem. The cause of the abnormalities may have been related
to the occurrence of a non-specific respiratory infection in the
animals. To tackle the problem certain critical experiments
were repeated in animals which had been held in isolation or
obtained from another source (Bantin and Kingman Ltd, Hull).
In addition, the accumulation of putrescine was also measured
as recentresults suggest that this diamine may be accumulated
into the lung by the same mechanism as paraquat, but with a
greater affinity (97)- Thus in the results given, greatest
/
reliance has been placed upon these repeated studies. However, 
results from earlier studies are also included where it is 
felt that they are of value in the interpretation of the data as 
a whole.
*
3«2.b. Comparison of incubation media for lung slice experiments
The rate of paraquat accumulation by lung slices in complete media 
(i.e. one containing essential amino acids and vitamins) was observed 
to be 50^ that in a balanced salt solution (Table 33)- In addition
'I Zj.
the rate of (U C) glucose oxidation was reduced by J>QP/o in such media, 
although the rate of oxygen consumption appeared unchanged. The 
presence or absence of calcium in the complete media (Joklik MEM) 
had no effect upon the resulting rate of paraquat accumulation, 
however in only the buffered salts of Joklik MEM (HBS) the rate 
increased to a level comparable to that observed in Krebs ringer 
phosphate buffer. It was therefore concluded that the reduced rate -
Legend to Table 3*3
Slices of rat lung were incubated in the above media containing 11 mM 
Glucose. ( C) Paraquat (lO^M) was added to the media for the assay 
of paraquat accumulation which was measured, at JO, 60, 120 min, using 
radiochemical techniques. (U-^C) Glucose oxidation was measured by 
collection of ^G0? in KOH (20%). Oxygen consumption was measured in a 
Gilson differential respirometer. All incubations were carried out 
at 37° and pH Results expressed as mean + S.E.M. (% Rate in K.R.P.).
The rats used in these experiments were all Wistar derived Alderley Park 
strain.
aSignificantly different from control (p < 0.05)
^pre-incubation wet wt.
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of paraquat accumulation observed in the complete media was 
probably either due to the presence of amino acids and other 
amine containing compounds, or a result of the lower rate of 
glucose utilisation which was observed. In the light of these 
findings, and of the necessity to use a Ca-free medium to 
facilitate cell dispersal, we elected to use 'HBS in all 
subsequent investigations as this yielded results similar to
those observed in Krebs ringer phosphate. Before making this
In­decision it was confirmed that (U C) glucose oxidation by
lung slices in this media (HBS) was linear over 4 hours
(Fig 3.6).
3»2.c Comparison of the function of lung slices from rats 
anaesthetised with sodium pentobarbitone compared to 
those killed by halothane exposure
Possibly for the reasons noted (3«1*a), the majority 
of previously reported Type II cell isolation techniques have 
used animals anaesthetised with sodium pentobarbitone.
Smith and associates (65, 94-) have preferred to kill their 
animals by exposure to halothane. Comparison of these two 
methods indicated that there was not apparent difference 
between lung slices for any of the parameters measured. Thus 
the biochemical functionality measured by paraquat accumulation, 
oxygen consumption or glucose oxidation was the same in both 
cases (Table 3**0.
Fig 3.6 The oxidation of ( U - ^ C ) -glucose by rat lung slices in HBS
100 -
*'00 -
$00 .
DPM.103/ 
g wet wt 
lung
too -
200 ■
too
0.5 1.0 2.0 3.0
Incubation time (hr)
o /1^  \Slices of rat lung were incubated at y?. G in 3 ml HBS containing ( GJ
Glucose (ll mM, ly*.Ci/3 ml). Evolved CO2 was collected in K0H (20%).
o-— 0 results are the mean + S.E.M. of duplicate measurements from 3
' different Wistar derived Alderley Park strain rats.
Table 3«^ The biochemical function of lung slices from
rats anaesthetised v/ith sodium pentobarbitone
compared to those killed by halothane exposure
1/f
Alderley Park Paraquat Accumulation Rate of CO^ Oxygen Consumption
derived Wistar Rate Production Rate
rats (n = 3) from (u C)-
glucose
3 l
nmol paraquat ^ PPM.10 ^ ul .10 ^
&.wet wt. lung q.wet wt.lunq q«wet wt.lunq
hr. hr. hr.
Halothane
killed
Sodium
Pentobarbitone
Anaesthetised
Slices from the lungs of rats either killed by exposure to halothane 
or anaesthetised v/ith sodium pentobarbitone (10 mg/100 gm body wt i.p.) ;
All incubations v/ere carried out at 37°C in HBS containing 11 mM 
Glucose . C Paraquat at (l0y«.M) was added to the media for 
accumulation assays. Glucose oxidation was measured by collection of *
CO^, in KOH (20%), from (U-^C) glucose (l/xCi/3 ml), Oxygen 
consumption was measured in a Gilson differential respirometer.
cl
The rats used in these experiments were Wistar derived Alderley Park strai;
^pre-incubation weight 
c
not significantly different from halothane killed animals (p < 0.03)
3«2.d The effects of perfusion and ventilation of rat lung in situ 
upon the biochemical functionality of slices
The first determination of the effects of perfusion and ventilation, 
for 10 minutes, upon the lungs of pentobarbitone anaesthetised 
Alderley Park derived wistar rats indicated no change in any of the
(mean + SEM) (mean _+ SEM) (mean + SEM)
¥f + 8 131+13 8 2 + 7
3 1 + 9  132 + 13° 92 + 3°
Legend to Table 3*3
Incubations were carried out at 37°C in HBS containing 11 mM 
Glucose. ( C) Paraquat or putrescine (lOyuM) was added to the 
media for accumulation assays. Glucose oxidation was measured by 
collection over 4 hours of 00^, in KOH (2CP/o), from (U- c) glucose 
(l/J-Ci/3 ml). Oxygen consumption was measured using a Gilson 
differential respirometer over k- hours. All results are expressed 
as mean _+ S.E.M. {% of control rate).
The rats used in these experiments were Wistar derived Alderley 
Park strain
significantly less than controls (p < 0.03).
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Legend to Figure 3»7
Lungs slices from Wistar drived Alderley Park strain rats were incubated 
in HBS (3 ml) containing ( C) paraquat (lOyuH, 0.1^.Ci). Results 
expressed as mean + S.E.M. (n = 6).0— 0 slices from control lungs,
*-— x slices from perfused & ventilated lungs.
Legend to figure 3.8
Lung slices from Wistar delved Alderley Park strain rats were incubated 
in HBS (3 ml) containing ( C) putrescine (lOyuM, O.lyu-Ci). Results 
expressed as mean + S.E.M. (n = 6). ®— 0 slices from control lungs, 
x— x slices from perfused and ventilated lungs.
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Fig. 3*7 The accumulation- of paraquat (10 ^ M) by lung slices from perfused
and ventilated rat lungs (experiment G36/37) 
8O -1
60 _
20 -
30 60 
Incubation time (min)
120
3.8 The accumulation of putrescine (l0 >iM)b;y lung slices from perfused 
and ventilated rat lung (experiment 036/37)
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parameters measured (accumulation of paraquat, oxidation of glucose, 
or consumption of oxygen, results not shown). This study was 
repeated tv/ice in halothane killed rats, and although in one 
experiment (c 2^/23) the rate of paraquat was subject to large 
variation, in both cases some decrease was observed in all of the 
parameters measured. (Table3»3). It was apparent that this might 
have been due , at least in part, to fluid retention. Therefore 
results were also calculated both on the post incubation wet 
weight and the D M  content of the lung slice. In the final measurement 
of this procedure (c 36/37) slight but not significant decreases 
in the rates of both glucose oxidation and oxygen consumption, 
were then observed with lung slices after perfusion and ventilation 
for 10 minutes (Table 3*5)• However, in contrast to the apparent 
lack of effect upon these parameters of lung viability, the rates 
of accumulation of paraquat and putrescine were significantly 
decreased to and 31 % of controls (expressed per mg DM) ’
respectively (Table 3-5)* The similarity of the effects upon both 
paraquat and putrescine accumulation (Fig 3«7> 3*8) may well be 
indicative of a common uptake system, as proposed by Smith and 
Wyatt (97).
This result v/as contrary to that obtained in the first perfusion 
experiment therefore the ability of lung slices, from animals 
either anaesthetised v/ith sodium pentobarbitone or killed by 
halothane exposure, to accumulate putrescine was measured in 
animals from Bantin and Kingman Ltd) Table 3*6).
Table 3-6. The importance of anaesthetics on the effects of perfusion 
with ventilation unon the rate of putrescine accumulation 
by rat lung slices
Rate of Accumulation of Putrescine
nmol k  post'iho/ hr 
putrescine/ wet wt 
accumulated / lung
Animal
Source Anaesthetic n mean + SEM
Alderley Park, Halothane control slices 6 128 + 16
Wistar derived
perfused slices 6 67 + 8 ( 3 2 f
Bantin and Halothane control 6 161 + 7
Kingman *
Wistar perfused 6 103 + 10 (6kf
Bantin and Sodium control 6 140 + 9d
Kingman pentobarbi­
V/istar tone perfused 6 . 103 + 22 \7kf
5\ oo V>J l+ o (60 )a
percentage control rate of accumulation
b
mean + SEM excluding rate from 1 rat of 201 nmol Put/g wet wt lung/hr
CAnimals were either killed by exposure to an atmosphere containing 
halothane or were anaesthetised with sodium pentobarbitone (10 mg/100g 
body wt. intraperitoneally).
d
Significantly different from control (p< 0.03)
(Incubations were carred out at 37°C in HBS containing 11 mM glucose,
1k
( c) putrescine (10^ l]M) was added to the media.)
In the halothane killed group a similar decrease (6k% of control 
expressed per gni post inc. wet wt. lung) to that observed in the 
equivalent Alderley Park group v/as noted. In pentobarbitone 
anaesthetised group a smaller decrease in the rate of accumulation 
v/as seen (?k% of Control), but it v/as also apparent that the 
variation in the test group was very large (Table 3-6). This 
variation occurred because in one of the 6 perfused lungs a rate 
of accumulation was measured which v/as comparable with those at 
the higher end of the control group, and consideration of the 
other 3 rates alone showed a decrease to 6C% of control which 
was comparable with that in the halothane killed rats. (Table 3-6).
It was therefore concluded that the decreased rates of 
paraquat and putrescine accumulation observed following perfusion 
with ventilation were not restricted only to halothane killed rats 
and were probably due to mechanical damage to the lungs by the 
procedure.
3.2.e The effects of perfusion, by syringe, of rat lung upon 
the biochemical functionality of slices
As observed following perfusion and ventilation, the rates 
of oxygen consumption and glucose oxidation were only slightly 
decreased in syringe perfused, slices compared to controls when 
perfused with 20 ml. Whereas, both the paraquat and putrescine 
accumulation rates were decreased by a large amount (62 and 39% of 
control rates, respectively, expressed per mg DNA) (Expt c38/39, 
Table 3-7? Pig* 3*9* 3*'10)* Decreasing the perfusion volume to
Legend to Table 3*7
Incubaj^ons were carried out at 37°C in HBS containing 11 mM 
Glucose. ( C) Paraquat or putrescine (10^JM) v/as added to the 
media for accumulation assays...Glucose oxidation was measured 
by collection over k hours of CO^, in KOH (20%), from ( U- C) 
glucose (lyiiCi/3 ml). Oxygen consumption was measured using a 
Gilson differential respirometer over k hours. All results are 
expressed as mean + S.E.M. (% of control rate).
cL The rats used in these experiments were Wistar derived Alderley 
Park strain.
D Significantly less than controls (p < 0.03).
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Legend to Figure 3.9
Lung slices from Wistar delved Alderley Park strain rats were incubated 
in HBS (3 ml) containing ( C ) paraquat (IOjjH, 0,1 uCi). Results 
expressed as mean + S.E.M, (n = 6). ©— © slices from control lungs, 
x— x slices from syringe perfused (20 ml) lungs.
Legend to Figure 3.10
Lung slices from Wistar delved Alderley Park strain rats were incubated 
in HBS (3  ml) containing ( c) putrescine (lOnM, O.lyuCi). Results
expressed as mean + S.E.M. (n = 6),e--© slices from control lungs,
x— X'-slices from syringe perfused (20 ml) lungs.
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Fig;. 3«9» The accumulation of paraquat by slices from syringe
perfused rat lungs (experiment C 38/39)
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(10 ml) (Table 3*7) or anaesthetising the animals with 3% 
halothane (delivered from a Fluotech at 2 1/min air flow 
rate) (Table 3*8) did not appear to alter this result.
3.2.f. The effects of lavage upon the biochemical functionality 
of lung slices
Following a single lavage (3 ml) of the lungs of Alderley
1^ fPark derived wistar rats, neither (U- C) glucose oxidation 
nor oxygen consumption were significantly altered (Table 3*9)*
The rates of paraquat and putrescine uptake were reduced to 68 and 62% 
of control values, however, because of the larger variation 
observed in the putrescine uptake in this experiment, only 
the former was statistically significant (Table 3*9, Fig. 3»11>
3-12).
After four washes (3 ml each) not only were the paraquat 
and putrescine accumulation rates impaired (33 and *f1% of controls, 
respectively), but lowering in the rate of oxygen consumption was 
also statistically significant (69% of control). In addition, 
the rate of glucose oxidation was reduced (83% of control)
(Table 3.9, Fig. 3-13, 3.1*0. . '
When a similar lavage procedure (Vx 3 ml) was repeated in 
rats from Bantin and Kingman Ltd, a comparable although smaller 
decrease in the rate of the accumulation of putrescine (73% of 
control, expressed per gram post incubation wet wt lung) was 
observed following A- lavages (3 ml each) (Table 3.10).
Legend to Table 3»9
Incubations were carried out at 37°C in HBS containing 11 mM 
Glucose, (^^c) Paraquat or putrescine (10^M) v/as added to the media 
for accumulation^assays. Glucose oxidation wag measured, by collection 
over A hours of CCh,, in KOH (20%), from ( U- c) glucose (1^ Ci/3 ml). 
Oxygen consumption v/as measured using a Gilson differential respiroraeter 
over k hours. All jresults are expressed as mean + S.E.M. {% of control 
rate).
cl The rats used in these experiments were Wistar derived Alderley 
Park strain.
"b Significantly less than controls (p < 0.03).
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Legend to Figure 3.11
Lung slices from Wistar delved Alderley Park strain rats were incubated 
in HBS (3 ml) containing ( G ) paraquat (lOynH, O.lyuCi). Results 
expressed as mean + S.E.M. (n = 3)»*—• slices from control lungs,, 
x— xslices from lungs following a single lavage (5 ml).
Legend to Figure 3»12
Lung slices from Wistar derived Alderley Park strain rats were incubated 
in HBS (3 ml) containing ( C) putrescine (lO^iM, O.i^Ci). Results 
expressed as mean + S.E.M. (n = 3) •$—© slices from control lungs, 
x=— xslices from lungs following a single lavage (5 ml).
3.11 The accumulation of paraquat (lOpM) by rat lung slices 
following a single lavage (5 ml).
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><3»12 The accumulation of putrescine (10 f\ M) by rat lung; slices 
following a single lavage (5 ml).
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Legend to Figure 3*13
Lung slices from Wistar.jierived Alderley Park strain rats were incubated in 
HBS (3 ml) containing ( G ) paraquat (lOyuM, 0.1^ 4 Ci). Results expressed 
as mean + S.E.M. (n = 6). ©-« slices from control lungs,*-xslices from 
lungs following four lavages (5 ml each).
Legend to Figure 3.1^
Lung slices from Wistar..derived Alderley Park strain rats were incubated in 
HBS (3 ml) containing ( G) putrescine (lO^M, O.l^Ci). Results expressed 
as mean + S.E.M. (n = 6)..®-* slices fran control lungs,x— x slices from 
lungs following four lavages (5 ml each).
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3.14 The accumulation of putrescine (lO^M) by slices from rat 
lung following 4 lavages (5 ml each)
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It had been proposed, that the effects of lavage might 
be temporary and would be reversed if the slices were allowed 
a period of incubation before the accumulation of putrescine 
was measured. To test this, slices from lavaged and control 
lungs were pre-incubated in medium containing no putrescine. 
Subsequent determination of the rate of putrescine accumulation 
indicated that after 1 or 2 hours preincubation the rate of 
accumulation into the lavaged lungs was found to be similar 
to that observed in control lungs, which had not been pre- 
incubated (Table 3»10). However, the preincubation also
Table 3»10 The rate of accumulation of putrescine into rata 
lung slices following lavage and preincubation
Preincubation 
time (hr)
nmol putrescine/g post incubation 
wet wt lung/hr
Control slices 0 9 6 + 6
(n = 4)
1 135 + 19 * ’
2 133 + 10
lavaged lung 0 72 + 12 (73)
slices (n = k)
1 93 + 23 (69)
2 9k + 13 (71)
Results expressed as mean + SEM (% of relevant control). Incubations 
were carried out at 37 C in HBS containing 11 mM glucose. For 
measurement of accumulation the medium was replaced with fresh HBS 
containing ( ) putrescine (10^mM).
EL ,
Rats were obtained from Bantin and Kingman Ltd and killed by 
halothane exposure.
significantly raised the control rates of accumulation, so that 
the elevated rates in the lavaged lung slices remained consistently 
loitered compared to the appropriate controls. The reason for the 
increased rate of putrescine uptake in the controls, following 
preincubation was not determined.
The nature of the damage produced by lavage appears very 
similar in profile to that resulting from perfusion. This is of 
particular interest in view of the differences in structure and 
function of the cells of the alveolar epithelium and the 
capillary endothelium.
3.2.g The effects of perfusion and ventilation of rat lungs 
followed by lavage on the biochemical function of lung 
slices
The effects of either perfusion with ventilation or lavage 
(k x 3 ml) of rat lungs were compounded when the two operations 
were carried out together. The rate of accumulation of paraquat 
was reduced to 35% of the control v/hilst glucose oxidation & 
oxygen consumption rates were found to be 73% and 76% of control, 
respectively (Table 3»11)» This result further indicates the 
severe mechanical damage which may be caused to the lung whilst 
removing the undesired free cells.
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3«2.h Putrescine accumulation by isolated lung cells
The determination of accumulation of radiochemicals by- 
isolated cells presents a particular problem of separating 
the cells from the incubation medium. Collection of the 
cells on an ultrafine filter or by centrifugation will 
produce very high background levels of radioactivity but if 
the cells are washed they may potentially lose an indeterminate 
amount of material by efflux. For studying the accumulation 
of putrescine these methods appeared unsuitable and a rapid 
microcentrifuge technique was used to elicit the extraction of 
cells from the incubation medium. By centrifugation through 
an inert immiscible layer (silicone oil) into perchloric acid, 
cells were removed from the medium and immediately disrupted 
to permit sampling of their soluble contents. As the amount 
of radioactivity in the cells was very much smaller than that 
in the medium, tritiated water was included in the incubations 
to allow the detection of cross contamination in experiments. 
Although it was anticipated that cells passing through the oil 
into the perchloric acid layer would carry a tail of water, it was 
hoped that expression of results as a C/ H ratio would give 
an indication of the water content of the cells. Such a figure 
would then permit the calculation of a C enrichment value 
comparable to the slice/medium ratios determined for the 
accumulation of putrescine into lung slices. The advantage 
of such a ratio is that it would be independent of sample size 
and hence not subject to variation due to cell clumping or
adherence to incubation vessel walls. Results were therefore
1A 3 1^+3calculated as ( C/ H in the perchloric acid layer)/( C/ H in
the medium). In addition, results were calculated as the
'Ik 7amount of C putrescine/10 cells v;hich could not be attributed
to associated water. Both methods were intended to indicate if
the cells were accumulating putrescine.
Crude cell populations were prepared (Figure 3«1) from the
lungs of SPF wistar rats from Bantin and Kingman Ltd. When
o 14isolated cells were incubated, at 37 C, with C putrescine
*l Zj. .
(experiments D30? 3'l» 33 & 3*0 C enrichment ratios were
obtained which were greater than 1, after 13» 30 an^ 60 minutes 
(Fig 3.13). Although this indicated that the cells were able to 
accumulate putrescine (Fig 3*'13)» there was considerable variation 
in the amount of water associated with the cells and it was not 
possible to directly extrapolate the results to a point of no 
accumulation at time t = 0. In addition there appeared to be 
little correlation between the ability of the cells to accumulate 
putrescine and the viability, measured by trypan blue exclusion 
(Fig 3.13, 3-16). The ability of cells to accumulate putrescine 
over a shorter time was therefore investigated (experiments 
Vl and A2). In these experiments, although the cellular
*1 ji
viabilities varied (72 & 91% respectively), C enrichment 
ratios of greater than 2 were determined even without incubation 
of the cells (Fig 3*15)« The greatest accumulation was measured 
in experiment Db2 (Fig 3*16) after 10 minutes incubation, 
following which time no further uptake of putrescine was apparent.
On the basis of these results it was considered important to 
determine whether the apparent, cellular accumulation of putrescine 
was energy dependent. When cells were incubated with putrescine
O *\lx. .
at A C a C enrichment ratio of approximately 1 was obtained
although in both experiments (D77 & 78) a considerable amount of
water was found to be associated with the cells (Fig 3«15)»
n
When results were expressed as accumulated putrescine/'10 cells,
cells incubated at 37°C had taken up more putrescine that those
incubated at ^°C (Fig This result was taken as indicating
that the accumulation of putrescine into the cells, was possibly
energy dependent although, it did not appear similar to that in
slices. When the results were taken as a whole, it is apparent
that there is a large variation in the ability of different cell
preparations to accumulate putrescine. Also, there appears to
be little correlation between the apparent viability of the cells
and their ability to accumulate putrescine. The maximum
accumulation obtained, approximately 120 pmoles of putrescine/ 
n
10 cells, corresponds to 2 pmoles/mg DNA (based upon 6 pg of 
DNA per rat lung cell (190) or 3 nmol/ml cells (based upon 
an average cell diameter of 10yx ). It was also determined 
that putrescine did not appear to associate with the cellular 
material which was precipitated by the perchloric acid (results 
not shown). It was therefore concluded that the cells did not 
appear to accumulate putrescine in a manner similar to lung 
slices.
Legend to Figure 3.15
cells were incubated at 37°C (<► o) or (+---j.) in HBS containing
putrescine. Incubations were stopped by removal of the cells from 
the incubation medium.
Results as cell/medium ratio of putrescine were determined from 
the ratios of C DPM/A^O DPM in the cells and DPM/3h20 DPM in 
the incubation medium.
a) cell viability was estimated by trypan blue exclusion
b) "^2  ^content cells is expressed as mean + SEM
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Fig. 3.16 The accumulation of putrescine (lO^M) by isolated rat 
lung cells: Results expressed, non-water accountablet
putre seine accumulated
a) Expt D30
cell viability 99^
b) Expt D31
cell viability 99%
50 1
c) Expt D33 d) Expt D3^
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g) Expt D77
50
cell viability 90%
h) Expt D78
cell viability 90%
Incubation time
o / 1^  \Incubations were carried out at 37.0 in HBS containing ( G J putrescine
(lOi^M), Results are expressed as the amount of putrescine accumulated
which could not be attributed to the water content of the cells.
a — cell viability determined by trypan blue exclusion.
 ^If.
It was not possible to measure (U- C) glucose oxidation 
and putrescine accumulation on the same cell preparations, as an 
insufficient number of cells were obtained. Therefore (U- C) 
glucose oxidation was also compared with the viability of the 
cells measured by trypan blue exclusion. Over the time studied 
(3hr), the ability of the cells to oxidise glucose to CO^ 
appeared unimpaired at greater than 87% viability. Only after 
2 hours incubation did the viability of the cells fall below 
80% and at a corresponding time glucose oxidation was also 
reduced (Fig 3-17)- In view of the finding that the rate of 
glucose oxidation was lowered in cells with a low trypan blue 
viability, whilst in other cells, of comparable viability, 
putrescine was accumulated, it was not possible to conclude that 
the mechanism of accumulation of putrescine by the isolated cells 
reflect that in slices or normal lung.
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Cells were incubated in HBS containing 11 mM (U- C) glucose (l«Ci/3ml) 
Incubations were started by the addition of the cells, CO2 evolved 
(®-- © ) was trapped in K0H (20%).
Cell viability (+--+ ) was measured by exclusion of trypan blue.
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It was known from previous investigations using the electron 
microscope, that these cell preparations contained a wide range 
of lung cells, with the possible exception of alveolar Type II 
cells. Also, these and the previous studies had indicated that, 
although lung slices and free cells might appear ultrastructurally 
and biochemically viable they were not functionally normal. It 
was therefore considered that further attempts to purify specific 
lung cell types by the techniques described,would not fulfil the; 
aims of the project. Furthermore, attempts to fractionate the 
specific cell types from the crude cell populations would greatly 
reduce the number of cells for uptake studies. On the basis of 
these considerations it was concluded that meaningful studies 
of the ability of cells, isolated by these techniques, to accumulate 
putrescine and paraquat should not be undertaken without a greater 
understanding of the accumulation system as it exists in 1whole' 
lung preparations.
Discussion
The preparation of a highly purified cell population from 
rat lung is an extremely lengthy procedure, and it is not 
surprising that an attempt to establish such a procedure has 
developed into an investigation of its limitations. As already 
stated, the basic method of isolation chosen was that of Kikkawa 
and Yoneda (121), although collagenase was found to be preferable 
to trypsin for cell dispersal. This result might be considered
fortuitous as many authors have indicated that trypsin may 
alter cell receptors (1A0), metabolism (139) and prove toxic 
even at relatively low concentrations (0.1%) (13 )^* 
indeed it is of interest to note that Mason and Coworkers 
(133) have recently rejected this enzyme in favour of elastase 
for isolation of Type II cells. Subsequently, a technique which 
would regularly supply a population of apparently viable cells, 
by exclusion of trypan blue, was established. Before attempting 
to further purify the cell population it was first necessary to 
identify the various cell types present. However identification 
proved to be a major problem as the light microscopic techniques 
available failed to be totally satisfactory. Thus although it 
was possible to duplicate the staining patterns of Yoneda &
Kikkawa (121) differentiation between certain Type II cells and 
macrophages was a problem. The additional tool of transmission 
electron microscopy was helpful in identification but could not 
be used practically, as a routine procedure. The third aid 
to identification attempted, the ability of Type II cells to 
accumulate paraquat introduced into the investigation the 
consideration of the major biochemical function which we wished 
to study.
As it had been established that the isolated cells were 
enriched In Type II cells and since they did not appear to accumulate 
the herbicide we concluded that.either the cells had been damaged 
or shocked such they had lost this function, or that Type II cells 
were not responsible for paraquat accumulation into the lung.
The latter view is contrary to reports in the literature (83, 98), 
however a means of testing both hypotheses was to attempt to 
trace the accumulation process through the cell isolation 
procedure. Such an investigation v/ould indicate if and where 
the function was lost, and if not lost why the free cells were 
deficient. The overriding aim behind the project was the study 
of the accumulation of paraquat and in consequence a major part 
of the project was now redirected to answer this new problem and . 
attempts to enrich the Type II content of the free cell 
populations curtailed.
The accumulation of paraquat by rat lung slices is an energy 
dependent process (9 )^ which may be inhibited by the presence of other 
amines in the medium (98). Thus, one might have predicted a reduction 
in the rate of paraquat accumulation in a complete medium (containing 
essential vitamins and amino acids), compared to a balanced salt 
solution. The actual reduction observed (f>C% lowering) was large 
and was paralleled by a lowered glucose oxidation rate (3Q^> lowering), 
without a similar change in oxygen consumption (Table 3.3). These 
decreases in the rates of both paraquat accumulation and glucose 
oxidation by the lung, in the complete medium, highlight the necessity, 
to be aware of the potential biochemical variations resulting from 
the use of differing artificial media, particularly in view of the 
wide range which have been employed in lung cell isolation techniques 
(121, 123, 191).
During, the isolation of Type II cells, the lung is routinely 
perfused, prior to enzymic dispersal, both to remove blood cells
«-J- 4-
and also to aid dissociation of the tissue by depletion of Ca 
and Mg++. Two perfusion methods were investigated, i.e. a long 
(10 minute) perfusion with ventilation, and a more rapid syringe 
perfusion. Both methods caused similar effects of large decreases 
in the rates of paraquat and putrescine uptake by slices with 
only slight decreases in glucose oxidation and oxygen consumption 
rates (Tables 3«5-3*8)» The possibility that these changes were 
due to fluid retention by the perfused lungs was unlikely as 
similar decreases were observed when the results were expressed 
either on the basis of post incubation wet wt. or the DNA content 
of the slices. The striking similarity in the decrease in uptake 
of both paraquat and putrescine lends further support for a common 
uptake system for both substrates as suggested by Smith and Wyatt 
(9?) (Figure 3.7-3.10).
Another procedure, routinely performed before enzymic disposal, 
which v/as investigated was lung lavage, for removal of free macro­
phages. Following lavage similar but more marked effects to those 
after perfusion were observed, i.e. both putrescine and paraquat 
accumulation rates were decreased by considerably more than oxygen 
consumption or glucose oxidation (Table 3*2)-
As was the case-with perfusion, similarities between the decreased 
uptake of putrescine and paraquat were once again seen following lavage 
as one v/ould predict if they shared a common uptake system. The
similarities between the results observed following either perfusion 
or lavage are particularly interesting as in the former case it is 
the capillary endothelium which one might expect to be primarily 
affected, whereas in the latter it is the alveolar epithelium.
The profile of results observed following perfusion or lavage 
suggest that either procedure may alter the biochemical functionality 
of the lung, as measured by paraquat or putrescine accumulation, 
withoug concommitant changes in the viability, as measured by 
glucose oxidation or oxygen consumption. One explanation of such 
an effect is that the procedure damages, specifically, the cell 
type(s) responsible for the accumulation of paraquat and putrescine 
and that these cells do not account for a significant amount of 
overall oxygen consumption or glucose oxidation of the lung slice. 
Much evidence indeed suggests that the Type I and II alveolar 
epithelial cells are responsible for the accumulation of paraquat 
and putrescine (63, 97) and these cells account for a small 
percentage of the cells of the pulmonary parenchyma (A). However, 
only following lavage do these cells come into primary contact with 
the washing medium.
Another, perhaps more plausible explanation for the observed, 
similar effects of perfusion and lavage is that paraquat and 
putrescine accumulation are more sensitive markers of biochemical 
damage to the alveolar epithelial cells, than are oxygen consumption 
or glucose oxidation.
Recently, Finkelstein and Mavis(191)have highlighted the 
occurrence of proteolytic damage during Type II cell isolation 
and have suggested that this might be the cause of the low 
rate of choline incorporation into phosphatidyl choline by 
isolated Type II cells, compared to whole lung, reported by 
Smith and Kikkawa (192). Kikkawa and Smith '(193) have more 
recently shown that glycerol incorporation into phosphatidyl 
glycerol by such cells was comparable with whole lung. In 
view of these findings, and of the effects of the preparation 
procedures upon cation uptake which we have demonstrated, 
the functional ability of isolated cells should be considered. 
Many reports of studies upon phospholipid synthesis by 
isolated Type II cells do not consider the ability of the cellsJL
to accumulated small charged or neutral precursors (e.g. choline 
or glycerol) (192, 193? 19*0• On the basis of the data 
presented in this chapter, it must be concluded that whilst 
isolated alveolar epithelial cells may have a role in, for 
example, the quantitative assessment of specific enzyme 
activity, they may be unsuitable for use in assessing specific 
functional activities. This conclusion is in agreement with 
those of Finkelstein & Mavis (191) and is supported by our 
findings using isolated cells. Thus despite apparently 
normal glucose oxidation or oxygen consumption, the energy 
dependent process responsible for the accumulation of putrescine 
and paraquat may be relatively labile to cell fractionation.
In summary, it would appear that the procedures, currently 
employed for the preparation of Type II cells, are not suitable 
for the maintenance of normal cell functions. Two other basic 
techniques have been reported for the preparation of populations 
of Type II cells. Alternative methods of obtaining isolated 
Type II cells have also been described. Douglas and Coworkers 
(195» 196) have clonally isolated cells from an enzymically 
dispersed cell population. Snyder <et al (197) prepared cultures 
from pulmonary adenomas induced in mouse by treatment with 
urethane. Both of these methods rely upon growth and maintenance 
of the cells in culture and it will not therefore be possible 
to conclude that the lack of a cell function in either system 
is indicative of the in vivo situation.
It is therefore apparent that, given the present knowledge 
of the mechanisms by which paraquat and putrescine are accumulated 
into the. lung, that the available methods for the isolation of 
lung cells are an inadequate in this context.
Chapter b The accumulation of paraquat and putrescine
by rat lung
Introduction
.1. Interindividual differences in the accumulation 
of paraquat by lung slices
.2. Evidence for a common system for the accumulation 
of putrescine and paraquat by lung slices
.3. The kinetics of accumulation of putrescine by 
lung slices
The accumulation of putrescine by lung explants 
in culture
Introduction
The accumulation of paraquat, into the lung, has been shown 
to obey saturation kinetics, to be energy dependent and to be 
sodium independent (9b, 98). Several endogenous and exogenous 
compounds have been demonstrated to inhibit this accumulation 
in lung slices, the most effective of which were the endogenous 
polyamines, putrescine and spermidine (96, 98, 198). Recently, 
Smith and Wyatt (97) reported that putrescine was also 
accumulated into the lung in comparison with other tissues.
This accumulation also obeyed saturation kinetics, was energy 
dependent and sodium independent. The accumulation of both 
paraquat and putrescine was reduced in rats previously dosed 
with paraquat and the two compounds inhibited each others 
accumulation (97)« These authors (97) therefore suggested that 
the process in the lung which accumulates paraquat is normally 
responsible for the uptake of putrescine. In order to test this 
hypothesis the nature of the uptake of these two compounds has been 
further studied.
4. 1. Interindividual differences in the accumulation of paraquat
The accumulation of paraquat (10^ M) into lung slices from 
Wistar rats obtained from the University of Surrey animal breeding 
unit was comparable, over the first hour of measurement, to that 
previously observed in specific pathogen free, Wistar derived 
Alderley.Park strain rats (Figure 4.1) (94). It was noted, in 
certain rats, that during the second hour a net efflux of paraquat 
occurred. This resulted in a lower slice content of the herbicide
Fig. ^.1 The accumulation of paraquat (lOa.M) by lung slices from 
University of Surrey, Wistar rats
70
r—I
60-p
rH
50
rH 30
20
10
120
Incubation time (minutes)
Slices of rat lung were incubated at 37°G in HBS medium containing (
putrescine (lO^M). The accumulation of paraquat into the slice was 
measured after 30, 60 and 120 minutes. Results are those obtained
for 6 rats.
after two hours than after one (Fig 4.1). This pattern of efflux
has not been reported in rats from other sources and was therefore
of interest. The phenomenon was not due to loss of viability
resulting from the incubation conditions as the lung slices were 
/ 14 \able to oxidise I U C) glucose to CO^ and to consume oxygen m  a 
linear manner, the rate of the latter being unaffected by the 
presence of the paraquat (Fig 4.2, Table 4.1).
Table 4.1. The consumption of oxygen by lung slices, from
University of Surrey Wistar rats, in the presence 
and absence of paraquat (10^M)
Q.Incubation Rate of Oxygen Consumption
Pat A Rat B . Rat C Mean + SEM
with Paraquat (lO^tM) 57 56 39 51 + 6
without Paraquat 62 5V 36 5 1 + 8
Determinations were carried out in a Gilson differential respiro'meter 
at 37 C. Lung slices were preincubated for J>Q minutes in HBS, after 
which time paraquat was added to the appropriate flasks to give 10/*M 
concentration and they were sealed. Oxygen consumption was subsequently 
measured over 4 hours. The rates of O2 consumption were calculated from 
duplicate assays by regression analysis and were linear (r = 1.00) over 
the time studied in all cases.
cl
units = r ° 2 *10 /g wet wt. lung/hr.
Under similar experimental conditions, lung slices from specific 
pathogen free Wistar rats, obtained from Bantin and Kingman Ltd, 
accumulated paraquat (10^ <.M), for two hours, without any observable 
net efflux. By three hours, however, a net efflux of paraquat was
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Fig 4.2 The accumulation of paraquat (lO/^M) and oxidation of (u- G )
lif.
glucose to GO^ by lung slices from University of Surrey 
Wistar rats
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©— ©slices of rat lung were incubated at 37 0 in HBS medium containing 
paraquat (lOy^M). The accumulation of paraquat into the slice 
was measured after 0.5» 1 and 2 hours. Results given for 3 rats, 
o— p slices of rat lung were incubated at 3?°0 inJHBS medium containing 
(U-C)-glucose (lu.Ci/3 ml). The evolution of GO^* trapped by K0H 
(20^), was measured after 1, 2 and 3 hours. Results as mean + S.E.M.
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Fig 4-.3 The accumulation of paraquat (lO /cM) by lung slices from
specific pathogen free, Bantin and Kingman Ltd., Wistar rats
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Lung slices were incubated, at 37°0 in HBS containing! C)- paraquat 
(lOyxM), The accumulation of paraquat into the slice was measured 
after 0.5» 1, 2 and 3 hours.
Result expressed as mean + S.E.M. (n = 10)
observed in 3 animals from 10. The mean accumulation of paraquat over 
this period did not therefore appear linear (Fig.- A.3)- As it was 
possible that this efflux was due to specific toxicity to the 
uptake system caused by the paraquat already accumulated, slices of
putrescine (l0yU,M). Smith and Wyatt (97) have shown that, in the
reverse experiment, preincubation with putrescine had no effect upon
subsequent paraquat uptake. In this case, however, paraquat pre-
exposure was found to significantly reduce the amount of putrescine
accumulated in 1 hour (Fig A.^ f). This result was found, despite
none of the lungs exhibiting a net paraquat efflux after 2 hours, and
may indicate that, in the lungs of the Surrey University rats, a
relatively short exposure to paraquat, may have a marked toxic
effect. The pattern of accumulation of paraquat by lung slices
from both of the tv/o groups of Wistar rats used did not appear
comparable with that described in Wistar derived Alderley Park strain
—5rats (9^ ). The accumulation of both paraquat and putrescine (10 M)
was therefore measured in lung slices from rats from all three
available sources (The University of Surrey breeding unit, Vistar
rats, Bantin and Kingman Ltd SPF Vistar rats and ICI animal breeding
unit, Alderley Park, Wistar derived Alderley Park strain rats).
/ 1A \The effect of paraquat upon I 1- G) glucose metabolism was also 
measured, as pentose phosphate pathway activity is stimulated by 
the presence of paraquat (23) and thus increased (l.^c) glucose 
oxidation would indicate that paraquat was being taken into those 
slices which showed an apparent efflux. Putrescine (lO^uM) was
rat lung were incubated for 1 hour
1Awashed in fresh medium and transferred to medium containing ( C )
Pig The effect of pre incubation with paraquat (10a<M) upon
accumulation of putrescine (lOyuM) by lung slices from University
of Surrey Wistar rats 250
_ 200
- 150
-p
-  100
co•H
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120
Incubation time (min)
Incubations were carried out at 37° in HBS. ^
+— + slices were incubated in medium containing ( C) paraquat (lO^uM). 
The amount of paraquat in the slice was measured after 30» 60 and 120 
minutes.
Slices were preincubated in HBS medium with (o ) or without (©) 
paraquat (lO^M) for 60 minutes. Slices were then transferred to 
fresh medium containing ( C) putrescine (lO^M). The amount of 
putrescine in the slice was measured after a total incubation time of 
75t 90 and 120 minutes (l5» 30 or 60 minutes in putrescine).
Results are expressed as mean + S.E.M. (n = 3)»
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accumulated into lung slices from all 3 groups of rats and no
significant differences in the rates of uptake were observed
(Table 4.2). The mean rates of accumulation of paraquat or 
putrescine (1C^mM) were not significantly different in the 3 groups 
of animals (Table 4.2) however considerable differences were noted 
in the individual patterns of uptake observed (Fig 4.3 a-c). In 
the Surrey University rats an apparent efflux between 1 and 2 
hours was noted in 3 from 3 rats (Fig. 4.3) and in the Bantin 
and Kingman rats in 1 from 3 (Fig 4.3b). In the Alderley Park 
rats no efflux was observed however in two rats abnormally low,
but linear, rates of accumulation were measured (Fig 4.5c). The
14 \ 14oxidation of (1 - C) glucose to CO^ was stimulated by a similar
amount, in the presence of paraquat, in all 3 animal groups
(Table 4*3 )• These results suggested that the lungs of the rats
from all three sources had a similar uptake potential as indicated
by their ability to accumulate putrescine, and that all were able
to take up paraquat, as shown by the stimulation of the pentose
phosphate pathway activity (Table 4.3). It is however apparent
that lung slices from certain rats lose the ability to accumulate
paraquat, following in vitro exposure and that this effect is more
prevalent in rats from the non-specific pathogen free colony.
Microscopic investigation of wax embedded sections of the lung,
stained with hematoxylin and eosin indicated extensive pneumonitis
in all 3 groups and it was not possible to make any distinctions
between those lungs which showed an efflux compared to those which
gave a linear rate of paraquat accumulation (Fig. 4.6). It was
apparent however, that as a group the lungs of the Alderley Park
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Figure Lung from rats from 3 sources
Lung from University of Surrey Wistar rats. Wax embedded 
section (5M stained with Haematoxylin and Eosin, +^0 x mag.
Lung from Bantin & Kingman Ltd., SPE Wistar rats. Wax embedded 
section (bMru) stained with Haematoxylin and Eosin, f^O x mag.
Figure A .6 (continued)
Lung from SPF Wistar derived Alderley Park rats. Wax embedded 
section (5 M m )  stained with Haematoxylin and Eosin, kO x mag.
Lungs from all 3 groups of animals showed signs of pneumonitis, 
including, peribroncial lymphocyte invasion and possibly increased 
mucus secretion.
rats showed less gross pathology than those of the Bantin'and 
Kingman rats which in turn showed less than the Surrey University 
rat lungs. This study highlights the importance of being aware 
of indidividual results as well as the result as a whole when 
measuring paraquat accumulation.
As described in the Materials and Methods, the rate of
accumulation of paraquat and putrescine into lung slices was
determined by linear regression. Due to the large variations in
the measured paraquat accumulation at the final time point,
described in this section, it was considered desirable to
weight the results in favour of the earlier time points. From-
3incubations of lung slices with H^O and by extrapolation from graphs 
of the uptake of paraquat and putrescine it has been determinedthat lung 
contains approximately 0.8 ml water/g.wet weight v/hich is accessible to 
paraquat or putrescine by diffusion (L. L. Smith, personal communication). 
This value was therefore used to establish a zero time, diffusion ’ 
value for paraquat (10^<M - 8 nmol/g wet wt lung) and putrescine 
(lOyzM- 8 nmol/g wet wt, 1yuM- 0.8 nmol/g wet wt) which was 
subsequently included in the linear regression calculation as 
weighting for all results given in Chapters 4 and 3*
4.2. Evidence for a common system for the accumulation of putrescine 
and paraquat into rat lung slices
During the course of the studies reported in chapter 3 evidence 
was obtained which supported the view that paraquat is accumulated 
into lung by a mechanism normally responsible for the uptake of
polyamines, including putrescine. In two experiments the rates 
of accumulation of putrescine into slices from perfused rat lungs 
were 51% and 59% of the rates in control slices (Tables 5*5 and 
3.7). Similarly the rates of paraquat accumulation in the two 
perfused groups were 42% and 62% of the control rates (Tables 3*5 
and 3-7)• In slices from lavaged lung the. rates of putrescine 
and paraquat accumulation, after 1 lavage were 68% and 62% of 
control respectively and after 4 washes they were 41% and 33% 
of control (Table 3*9)» The high degree of similarity of 
effect of these procedures upon the uptake of putrescine and 
paraquat lends further support for a common uptake system as 
recently proposed by Smith and Wyatt (97)» An attempted 
correlation of the individual control rates of paraquat and 
putrescine accumulation was poor as the sample range was small and 
inter individual differences were relatively large (Fig. 4.7)» When 
the rates of accumulation from the test animals were also included *
the range of both paraquat and putrescine uptake values was 
increased and a correlation was apparent (Fig 4.7). The inclusion 
of the test points, from a series of perfusion and lavage experiments 
is justified as they represent a variety of diverse mechanical 
procedures which may affect the lung in a widespread and non­
specific manner. A statistically significant correlation (p < 0.05) 
was obtained by linear regression although the parameters obtained 
varied for regression of y upon x, or x upon y (Fig. 4.7). Thus: 
regression of y upon x
Vput = 2-8 vpq + v,here:
v = rate of accumulation of
putrescine (nmol/g post inc 
wet wt lung/hr)
» 7• Correlation of the rates of paraquat and putrescine (l<
accumulation ~by lung; slices from Alderley Park derived
Wistar rats
regression of x. upon y
regression of 
y upon x
180
160
s 100
o
tH
•H 80
60
Control animals -+)' n = kZ 
Test animals -©).
20
Rate of accumulation of paraquat (10^/M) (nmol/g post
regression of x upon y
Y , = 4.8 v - 3.3 Where:put pq
v = rate of accumulation of 
^  paraquat (nmol/g post inc wet 
wt lung/hr)
Correlation coefficient (r) = O.76, (n = 42)
Results expressed per g. post incubation wet wt. lung were
compared to overcome varying water contents of slices, due to the
different test procedures. The correlations indicate that at this
substrate concentration (10^M) the affinity of putrescine for
the uptake system is 3-5 fold greater than that of paraquat
although they appear to share a common accumulation system. This
finding is comparable with the data of Ross and Krieger (19S) who
having determined the hypothetical inhibitory potential of paraquat
against its own accumulation, reported that it was approximately
5 fold less potent than putrescine (apparent I values of 36 •
50
and 190ja. M respectively for inhibition of the accumulation of 
paraquat
4.3. The kinetics of accumulation of putrescine by lung slices
Using a range of concentrations of putrescine in the incubation
medium the rate of accumulation into lung slices from
University of Surrey Wistar rats, was determined and found to be
linear at each (Table 4.4). When these results were plotted against
the concentration of putrescine in the medium it appeared that if
saturation kinetics were obeyed by the system V had not been
max
reached at the highest concentration (Fig 4.8). A double reciprocal 
plot (1/uptake rat vs 1/putrescine concn in medium) suggested that
simple saturation kinetics were not obeyed as a straight line
was not obtained. The results were therefore expressed in the
form of a Woolf plot?(Putrescine concn. in medium/uptake rate)
vs. i(Putrescine concn. in medium), 
and indicated that saturation kinetics were only obeyed to a r'“
putrescine concentration of 20yuui, but not at the highest
'concentration (lOOyU.M) (Fig. k. 9). From this plot, apparent
Kffi of .'11.5 ± 2.0 mean jflffM) - and of. 3311?!? mioles/g
wet wt/hr (mean + SEM) , were calculated. At the highest concentration
of putrescine, it is possible that the primary accumulation is
saturated and that putrescine is further accumulated into the
lung by a second system for which it has a lower affinity. The
nature of this secondary system has not been investigated but it
may be either due to simple diffusion or to an uptake system similar
to that described for monoamines (Chapter 1.1.2.d). The apparent
values of Km and V obtained for the primary accumulation aremax * v
comparable to those determined by Smith and Wyatt (97)> in lung
*
slices from Alderley Park derived Wistar rats, for the accumulation
of putrescine; Km = and V 330 nmoles/g wet wt/hr, and by/ max
^ose (23) for the accumulation of paraquat; Vmax = 300 nmoles/
g wet wt/hr. The apparent Km for the accumulation of paraquat 
(70 <^-M) determined by these authors (23) also indicates that the 
affinity of paraquat, for the uptake system, is considerably less 
than that of putrescine.
Table The -accumulation of putrescine into rat lung slices
Concentration Rate of accumulation
of putrescine of putrescine
in medium (nmoles/g wet wt. lung/hr)
(y*M)
1 26 + L
2 38 + 12
10 ikl + 9
20 216 + 22
100 497 + 4-5
Slices of rat lung w^e incubated at 37°C i*1 HBS containing the 
above concentrations of ( C ) putrescine. The amount of putrescine 
in the slice was measured after 10, 20 and 30 minutes of incubation 
(putrescine concn 1 & 2 jjM) or 131 30 and 60 minutes of incubation
(putrescine concn 10-100m-M) and the rate of accumulation determined 
by linear regression. The results from 3 rat lungs are given as 
mean + S.E.M.
Fie;. ^.8. The accumulation of putrescine into lung sLices from
University of Surrey Wistar rats
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Concentration of putrescine in incubation (pll)
Slices of rat lyhg were incubated, at 3?°C in HBS containing various conc­
entrations .of ( c) putrescine (1-100 a/M). 
c— © Results expressed as mean + S.E.H. for 3 rats
 Primary accumulation system, extrapolated from the apparent Km and
V values determined by a Woolf plot of the data (Fig. 9 N
University of Surrey Wistar rats
0.020
0.01
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0 10 20 100
- Concentration of putrescine in the medium (^ M)
- rate of accumulation of putrescine (nmol/g wet wt. lung/hr)
-- - Extrapolated primary accumulation system - apparent Km ='11.5ytcM, 
V = 331 nmol/g wet wt lung/hr.nicLX
4.4. The accumulation of putrescine (10^M) by rat lung explants
in culture
The rate of accumulation of putrescine (10jaU) into uncultured 
lung explants (day 0) from the lung of University of Surrey Wistar 
rats was 70 nmoles/g wet wt/hr (Fig 4.10). Twenty four hours 
after the start of the culture (day 1) the rate of accumulation 
had dropped considerably to 18 nmoles/g wet wt/hr. However, after 
this time, 3-14 days, the rates of uptake appeared to stabilise 
at a value which was approximately -y--g- of that in uncultured 
explants (Figure 4.1.1). Histologically, progressively increasing 
necrosis was observed in the centre of the explants up to day 14 
(Fig 4.1 1). At day 1 approximately -J- of the explant section 
appeared non-necrotic and alveolar structure was retained in this 
region. By day 3 the non-necrotic tissue had begun to lose its
Fig. 4.10 The accumulation of putrescine (10/* M) by rat lung explants 
in culture
Day 0
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Day 3
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5 30.
Incubation time (min)
Figure A-.l_j The appearance of rat lung during explant culture
a)
Day 0 - Normal lung - wax embedded section stained with 
Haematoxylin and Eosin, 100 x mag.
b)
Day 1 - Centrilobular necrosis (CN) and apparent migration of 
free cells towards the periphery. Wax embedded section stained with 
Haematoxylin and Eosin, 100 x mag •
Figure h. n ( continued)
c)
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Day 7 - The tissue has a large centrilobular area of necrosis (CN). 
The peripheral tissue appears viable (P). There is also extensive 
growth of cells into the gelatin sponge (G). Wax embedded section 
stained with Haematoxylin and Sosin. 100 x mag.
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Day 1^f ~ Widespread centrilobular necrosis. The peripheral 
tissue appears to have lost its architecture but is still apparently 
viable. Growth of cells into the gelatin sponge is extensive. Wax 
embedded section stained with Haematoxylin and Eosin, 100 x mag.
architecture and contained fewer air spaces. There was also 
some evidence of cells starting to grow into the gelfoam sponge.
On subsequent days, the non-necrotic tissue, although decreasing 
in area, appeared to have a high cellular density and by days 10-14 
covered only -j of the explant section. Throughout the culture 
period there was increasing evidence of cellular invasion of the 
gelfoam sponge, by day 10 cells were observed to occupy a similar 
area, in section, to the tissue explant itself. The growth of 
cells into the gelfoam sponge was also paralleled by a slight 
increase in the accumulation of putrescine by the gelfoam 
sponge during incubations (Figure 4.1 0.
This experiment indicates that it is possible to maintain 
lung explants in culture so that they retain, at least partially 
the ability to accumulate putrescine. The observed decrease in 
uptake ability appears to correlate well with the observed 
necrosis in the explants. This experimental system therefore 
provides a method by which long term aspects of putrescine 
accumulation may be studied in vitro, to an extent not possible 
with lung slices. The cultures may also provide a means by which 
specific cell types may be grown preferentially perhaps giving 
an indication of the normal site of accumulation of putrescine 
and paraquat. The suggestion that cells invading the gelfoam 
sponge may be able to accumulate putrescine proposes a second 
experimental use for this culture system. It might be a viable 
proposition to prepare cultures of lung cells grown non-selectively, 
from explants, into gelatin foam which could then be dispersed and 
fractionated by relatively mild procedures.
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The accumulation of putrescine (.10/* M) into explants of rat 
lung; in culture and the gelatin sponge upon which the explants 
had been cultured
gelatin foam
lung explants
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o 114 \is were carried out at 37 C in HBS containing i C j putrescine
The tissue or sponge content of radioactivity was measured after
. 60 minutes and the rate of putreseine accumulation determined
ited linear regression.
Discussion
The ability of rat lung slices to accumulate paraquat was 
first reported by Rose e_t al (94). An uptake system was described 
which was linear over 3 hours, was apparently energy dependent 
and obeyed saturation kinetics. Subsequently, these authors 
(23) observed that the accumulation of paraquat was accompanied 
by a stimulation of pentose phosphate pathway activity. The animals 
used in these studies were Alderley Park Wistar derived rats but 
it is apparent, from the data presented here, that a similar 
system is also present in the lungs of Wistar rats from two 
other sources. Lung slices from rats-, obtained either from the 
University of Surrey breeding unit or from Bantin and Kingman Ltd, 
were able to accumulate paraquat (10ywM), against a concentration 
gradient (Table 4.2) and this accumulation resulted in a stimulation 
of pentose phosphate pathway activity (Table 4 * 3 ) However, some 
interindividual differences, in the nature of the uptake were 
noted between the different groups of animals. The lungs of the 
University of Surrey rats, the only group from a non-specific 
pathogen free colony, were able to accumulate paraquat during the 
first hour measured at a rate comparable to that in the SPF,
Alderley Park rats (Fig 4.3). During the second hour two sub­
classes emerged; slices from certain animals continued to 
accumulate paraquat for the full 2 hour period, whilst in other 
animals apparent efflux of paraquat occurred in the second hour 
(Fig. 4.3). A similar, but less marked, division was observed 
in lung slices from SPF, Bantin and Kingman Wistar rats, thus, 
although cases of net efflux were observed none were as extreme
as in the non-SPF rats (Fig 4.6).
These findings highlight the importance of being aware 
of individual results when measuring biochemical functions of this 
type. The fact that animals from each group, were able to 
accumulate paraquat (10 ^ M) linearly over the 2 hour assay 
time suggests that they all share a similar uptake system.
It is proposed that the individual variations observed may be 
the result of abnormalities due to the presence of respiratory 
infection. Although it was not possible to correlate individual 
efflux effects to the histological appearance of the lung, the 
greatest variation was seen in the group with the least clean* 
lungs, i.e. rats from the University of Surrey. In the group 
with the cleanest lungs as a whole, the Alderley Park rats, 
no cases of efflux were seen and even in the lungs with poor rates of 
paraquat uptake it remained linear.
The idea that the efflux might be due to paraquat induced 
toxicity in the cells responsible for its accumulation is 
implied from the observation that there was considerably less 
variation in the accumulation of putrescine in any of the 3 animal 
groups. In addition there was no apparent correlation between 
the rate of putrescine accumulation and the occurrence of 
paraquat efflux. Since paraquat and putrescine appear to be 
accumulated into the lung by the same mechanism (97) the variations 
and efflux noted are probably due to an enhanced susceptibility of 
the lungs to paraquat induced toxicity, due to the presence of a 
respiratory infection.
Further evidence for the common accumulation of paraquat
and putrescine is that mechanical manipulation of the lung
(e.g. lavage and perfusion) produce consistent decreases in the
rates of uptake of both compounds. In addition, there appears
to be a correlation between the observed rates of paraquat
and putrescine accumulation which implies that putrescine has
a greater affinity for the system than paraquat. The apparent
Km (11.5 ui'l) and V (33^  nmoles/g wet wt/hr) of uptake of 
• max
putrescine by lung slices also indicate the higher affinity 
of putrescine based upon the apparent Km (70yuM) and V x 
(300 nmoles/g wet wt/hr) reported for paraquat accumulation
(9^ ).
Systems able to accumulate polyamines (putrescine, 
spermidine and spermine) which are energy dependent and sodium 
independent have also been described in mouse, rat and rabbit 
brain (97» 199» 200). It therefore appears that putrescine 
may be a candidate for a natural substrate for the uptake system 
in both brain and lung, in vivo.
The maintenance in culture of the ability of lung explants 
to accumulate putrescine provides a potentially useful tool 
for future research. It may be possible to determine the 
cellular localisation of the uptake process by observing those 
cells which survive and grow in the culture system. The cultures 
also permit the study of the effects of external stimuli-, upon 
the accumulation of putrescine, over a time scale not possible 
in lung slices. The culture technique may therefore permit
ly^
the effects of stimulating or inhibiting the growth of specific 
cells upon the function of the lung explants to be studied. Such 
investigation may perhaps provide answers to the questions raised 
in chapter 3 about the cellular site of accumulation of paraquat.
Chapter 3« The Inhibition of the accumulation of putrescine
and paraquat into rat lung slices
Introduction
.1. Preliminary studies on the inhibition of accumulation 
of putrescine (10^M)
.2. The determination of equipotent concentrations (Icq) 
of compounds required to inhibit the accumulation 
of putrescine (1^M)
.3. The determination of the inhibitory potential of 
methyl glyoxal bis (guanyl hydrazdne) against;
a) paraquat accumulation into lung slices
b) paraquat toxicity in vivo
Discussion
Introduction
In order to further define the nature of the putrescine 
accumulation system, studies were carried out to define the 
structural requirements for accumulation. This was undertaken 
by an investigation of the potential of various compounds to 
inhibit the pulmonary uptake of putrescine.
Smith and coworkers (96, 201) and Ross and Krieger (198) 
have already indicated that various endogenous amines can inhibit 
the accumulation of paraquat and so preliminary studies were 
undertaken to define the general structural criteria required 
for inhibition. V/ith this in mind a reasonably wide range of 
compounds were used.
In the second phase of the investigation, compounds of a 
more specific type were chosen and their inhibitory potencies 
against putrescine (lyuM) uptake v/ere assessed by determination 
of equipotent (I^q ) concentrations.
3.1. Preliminary studies on the inhibition of accumulation of 
putrescine (10/<M) into rat lung slices
The first potential inhibitor,of putrescine accumulation, 
considered was choline. This compound is a precursor of 
phosphatidyl choline, the major phospholipid component of 
pulmonary surfactant (Review, 32) and since surfactant synthesis 
and putrescine accumulation are believed to occur in the Type II 
cells of the lung (13, 97) it was felt possible that competition
for uptake might provide an explanation for the reported effects
of putrescine (202) and paraquat (118, 120) upon phospholipid
biosynthesis. As indicated (Table 3»1) however, choline
had no inhibitory effect upon the accumulation of putrescine
(10^M) even at 100 fold greater concentrations (1 mM)
suggesting that the polyamine uptake system is not linked directly to
choline uptake in the lung.
The accumulation of putrescine (lOyuM) into rat lung slices 
v/as not inhibited in the presence of ornithine or lysine (1 mM) 
(Table 3-1 )• This suggested that the addition of a OC-carboxylic 
acid to the diamine molecule removed its ability to compete 
for the uptake site. When, however, the zwitterlon pair was 
replaced by a methyl group, giving a monoamine inhibition of 
putrescine accumulation occurred. N-Butylamine (100^M) decreased 
uptake of putrescine (10 yu.M) to 72% of: control and a higher 
concentration (n-butylamine, 1 mM) reduced it to 3^% of control.
The accumulation was almost totally inhibited (8% of control) by 
a higher concentration (10 mM) of n-butylamine (Table 3«l)«
This inhibitory effect was not considered to be due to non­
specific toxicity as oxygen consumption by the slices remained 
normal even at the highest inhibitor concentration (Fig. 3*'0» 
Propylamine (10 mM) also inhibited putrescine (lOyu.M) uptake but 
was less effective than n-butylamine.
Christensen and coworkers (203, 20^) have reported that, 
for the uptake of diamino acids into Erlich ascites tumour cells,
Legend to Table 5»1
Slices of rat lungs were incubated in HBS, containing 10 yuM 
putrescine and the concentration of compounds indicated. Compounds 
were present at zero time and slices incubated at 37°C f°r 15»
30 and 60 minutes. Results were calculated by linear regression, 
weighted by inclusion of the zero time (Chapter ^.l) diffusion point 
of 8 nmoles putrescine/g wet wt. lung, from the nmoles of putrescine/ 
g wet wt lung/time point, and were expressed as the mean + S.E.M. (n = 
of the slope.
* ct significantly less than the control rate of putrescine accumulation 
(p < 0.05)» (Paired students' t test).
Table 5«1« The effect of various compounds on the accumulation of 
/ \10/a Mj G) Putrescine by rat lung slices
Compound Conc^ - nmol putrescine 
accumulated/ 
g wet wt./hr
uptake expressed 
as % of control
Control — 162+18
Ornithine 10 / M 160 + 21 99
1 mM 172 + 30 106
Lysine lOyuM 189+27 117
1 mM 160 + Zb 99
Control - 177 + 27
Choline 10/ M 1 6 0 + 8 78
100/ M 216 + 5 111
1 mM I63 + 1 83
Control - 218+32
n-Butylamine 100/ M 156 + 26a 72
10 mM 17 + 2a 8
Propylamine 100/ M 179 + 30 82
10 mM 32 ± f 15
Control - 157 + 7 -
n-Butylamine 1 mM if8 + 4a 31
Butan-l-bl 1 mM 152 +13 97
Aniline 1 mM 17^ + 19 • 111
m-phenylene-
diaraine
1 mM 160+15 102
Control - 117 + 8 -
Spermidine 10 / M 109 + 19 93
1 mM 9 + la 8
Spermine 10/M 1^8 + 12 126
1 mM 9 + 2a 8
,of putrescine (IQm -H) and n-butylamine (1 mM)
1500
1000
T5
<D
e
DW
c
o
u
500
C\J
o
rH
120
Incubation time(min)
Incubations were carried out at 37 C in HBS. Flasks preincubated 
for 30 minutes open to the atmosphere and then sealed, Putrescine 
(lOyuM) and n-butylamine (1 mM) were added from the side arm and 
mixed,after a further 30 minutes incubation (^ ).
Results as mean + SEM (n = 3)-
corresponding monoamino acids were only inhibitory in the presence 
of sodium or another alkali metal cation. Also, Smith and Wyatt 
(97) have shown that the rate of accumulation of putrescine into 
rat lung slices is sodium independent, being slightly enhanced 
in the absence of sodium. It was therefore of interest to 
investigate whether, the inhibitory action of the monoamines, upon 
putrescine (lOyuM) accumulation into lung slices, required the 
presence of a second cation (i.e. sodium). In a sodium free 
medium the control rate of accumulation of putrescine (lOyuM) 
was increased to 135% of control value (Table 5*2) • The inhibitory 
effects of n-butylamine or propylamine (1 mM) upon this higher 
rate of uptake were unchanged (Table 5.2). It.is apparent 
therefore that the ability of the monoamines to compete with 
putrescine for the uptake-binding sites does not require the - 
presence of two cationic groups.
Table 5.2 The effect of sodium free medium upon the inhibition of 
accumulation of putrescine (lO^M), Into rat lung; slices, 
by n-butylamine and propylamine
Treatment
nmoles of putrescine 
accumulated.
/ o 01
sodium
control
% of 
sodium 
free 
control
-Control + Na
H
Control - Na
1 mM n-Butylamine + Na 
1 mM nyButylamine - Na"1
1 mM Propylamine + Na
H
1 mM Propylamine - Na
136 + 22 -
211 + 3°a 155
53 ± 3a - 39
81 + 8b 60
92 ■+ 2k 68
179+22 132
38
85
Slices of rat lung were incubated in medium containing 10 « M 
putrescine and the concentration of compounds indicated. Incubations 
with sodium were carried out in HBS, sodium free incubations were carried 
out in similar medium except that NaCl was omitted and replaced by 
sucrose (0.25 M) to give equal osmolarity. Inhibitors were present #
at zero time and slices incubated at 37°C for 15i 30 and 60 minutes.
The results were calculated, from the . . nmoles of putrescine 
accumulated/g wet wt/time point, by linear regression weighted by 
inclusion of thezero time diffusion point 8 nmoles putrescine/g wet 
wt lung (Chapter ^.l), and were expressed as the mean + S.E.M. of the 
slope from 3 animals.
significantly different from the control rate of putrescine uptake in 
the presence of sodium (p <+ 0.05)
significantly different from the control rate of putrescine uptake in 
the absence of sodium (p< 0.05).
Replacement of the terminal amine group of n-butylamine 
■ with an alcohol group, i.e. butan-1-ol, removed the inhibitory 
action of the four carbon unit (Table The presence of
at least one cationic group would therefore appear to be 
required for a compound to be an inhibitor of putrescine 
accumulation in the lung. .
Aniline, a weak base compared to n-butylamine, failed 
to exhibit an inhibitory effect upon putrescine (10/<M) 
accumulation at a concentration of 1 mM (Table 5.1)- Similarly 
the weakly dibasic molecule, m-phenylene diamine also had 
no inhibitory effect, at a similar concentration (Table 5*1)«
The most effective inhibitors of putrescine ('lOyuM) 
accumulation into rat lung slices were the polyamines, 
spermidine and spermine. Both compounds had a similar inhibitory 
effect being able to almost totally abolish putrescine (lOyuM) 
accumulation at a 100fold greater concentration (1 mM) (Table
The data suggests that in order to compete for the putrescine 
uptake site a molecule must have the following characteristics;
1. At least one cationic group, possibly the greater the basicity 
of this group the better the inhibitory potential
2. The presence of a: carboxylic group on the molecule removes 
its inhibitory ability
3. Molecules with inhibitory potential may have more than 2.basic 
groups.
5-2. Determination of inhibitory constants ( ^ q ) fQr
—6inhibition of putrescine (10 M) accumulation into rat 
lung slices
Having established the general nature of the putrescine 
uptake system, it is possible to further define the characteristics 
of the system by investigation of the structural relationships 
of inhibitory compounds. In order to define equipotent 
concentrations of inhibitors, that giving 50% inhibition of 
putrescine uptake (I^q) was measured. In determination of I 
values it is necessary to employ a non-saturating substrate 
concentration, as, in order to ensure maximal inhibitory effects, 
the control reaction velocity should occur in the steepest 
region of the (substrate) vs (reaction velocity) curve.
A substrate concentration lower than the Km value was chosen 
and a concentration of putrescine of 1 yt* M employed in these • 
studies. The accumulation of putrescine at this concentration 
(lyuM) was first shown to be energy dependent being totally 
inhibited by potassium cyanide (1 mM) or at *f°C' (Fig. 5.2.).
Fig.' 3.2. The energy dependence of putrescine (1/xM) accumulation
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1A-Slices of rat lung were incubated at HBS containing ( C) putrescine 
(1 M). The accumulation into the slice was measured at 37°C («— «)
at A°C (x— x), at 37° in the presence of KCN (1 mM) (o—o) , or at 
37° v;ith KCN (1 mM) added after 20 minutes incubation (+). The 
results are expressed as mean + SEM (n = 3)«
The method of 1 ^  determination
—  ---------------------------?o— ------------
1. Range finding studies were carried out in duplicate in the
presence of a wide range of potential inhibitor concentrations
(ly*M-1mM). Concentrations of inhibitor, which reduced the
-6control rate of accumulation of putrescine (10~ ), into rat lung 
slices over a 30 minute period by between 10-90% were determined. 
Any candidate compounds which were unable to cause an inhibitory 
effect at 1 mM concentrations were considered to be non-inhibitors.
2. Once the inhibitory range of a compound had been established
from the range finding experiment, more accurate determinations
of the I._n value were made. In order to prevent problems
associated with inter animal variation, each determination'
was carried out using slices from the lungs of only one animal.
For each inhibitor, determinations of I__ were made using atyO
least 3 different animals and thus a mean value was obtained.
The rate of accumulation of putresqine (1yuM) into rat lung 
slices (30 mg lots) at 10, 20 and 30 minutes was measured 
in the presence of 4 inhibitor concentrations, intended to 
give 10-90% inhibition of the control accumulation rate.
The control rate of putrescine (1^ M) accumulation, in the 
absence of inhibitor, was measured in duplicate at each of the 
time points. The rate of accumulation of putrescine, for each 
inhibitor concentration, was determined by weighted linear 
regression (Chapter 4.1). Consideration of Michaelis-Menten 
kinetics indicates that the effect of an inhibitor is not 
linearly related to its concentration. However, Ross and 
Kriegar (198) have recently demonstrated that it is possible 
to obtain a line which approximates to linearity (i.e. r is 
consistently greater than 0.90), for the inhibition of paraquat 
over the measureable inhibitory range, if the results are 
plotted on a In-ln scale. Such a plot produces the approximation
In v = Min I + In C ----  (equation 1)
where M = constant 
C = constant
I = inhibitor concentration (molar) 
v = accumulation rate (nmol/g wet wt/hr)
which may also be expressed as the power function;
v  = CI^ - - - - <— - (equation 2)
In the present circumstances this approximation was found to be 
acceptable for expression of the inhibition of putrescine 
accumulation and allowed the subsequent calculation of I^  
values by unweighted linear regression. The method also 
permitted the correlation of the effects of "different inhibitor 
concentrations'within, each animal such that it was possible to 
test the nfitn of the approximation. (An example of the method 
of determination of the of paraquat is given in Appendix 1).
Results of Ir-r. determinations for the inhibition of accumulation ... -1 30      ...           ■ . ■ —■■■■■
of putrescine (1yaM) into rat lung slices
Aliphatic monoamines were able to inhibit the accumulation
of putrescine 1yxM and as predicted from the preliminary studies
—5n-pentylamine (I^q = 60.10 M) was a stronger inhibitor than n- 
butylamine (Icr. = 1.75-10 M) which was in turn a betterpu *
inhibitor than propylamine (I^q = 7-2. ICT^M) (Table 5-5)- The
inhibitory potential of these aliphatic alkylamines was greatly
increased by the addition of a second terminal amine -group
(i.e. diamines). The poorest diamine inhibitor encountered
was 1,3 diaminopropane (I^q = 1-2^.10 M) which was a marginally
better inhibitor than n-butylamine (Table 5-^)- 1,5-diamino-
pentane (cadaverine) was a markedly better inhibitor (lcrk' = 2.6.10”^M)
50
than 1,3 diaminopropane however maximal inhibition, by the diamines, 
v/as achieved by 1,6 diaminohexane (I = 1.1.10"\), 1,8 diamino 
octane (I^q = 8.10”^ )  and 1,10 diaminodecane (6.9-10“^m) (Table 5-^)
Table 5«3 Inhibitory potencies of various amine containing; compounds
in blocking putrescine (l/*M) uptake into rat lung slices
Compound < X n + S.E.M)a 
50(/»)
-slope + S.E.M. C + S.E.M. 0vo
H
n-Propylamine 725 ± 72 0.45 + 0.B2 0.70 + 0.16 3.14
n-Butylamine 175 + 32 0.46+0.08 0.50 + 0.21 3.?6
n-Pentylamine 69 + 10 0.28 + 0.09 1.67 + 0.60 4.16
Cysteamine 35.3 t 7.6 0.57 + 0.08 . 0.07 + 0.03
Cystamine 22.0 + 3.6 0.54 + 0.02 0.06 + 0.01
a
n = 3
- constant M f rom equation i 
c exponent of intercept from equation 1 
Negative logarithm of( base 10)of I^q (m)
Table 5.4 Inhibitory potencies of various diamines and polyamines in
blocking putrescine accumulation into rat lung slices
Compound Ien + SEM
50^m)
T a
p 50 -M + SEMd C + SEMe ( A)b
1,3 diaminopropane 124 + 3? 3-91 0.47 ± 0.09 0.41 + 0.17 5.4 .
Cadaverine
( 1,5 diaminopentane)
26.1 + 9.5 4.58 0.54 + o . i i 0.20 + 0.18 7.8
1,6 diaminohexane 10.7 + 0.8 4.9? 0.31 + 0.01 0.50 + 0.06 9.0
1,8 diaminooctane 8.0 + 1.7 5.10 0.4-3 ± 0.09 0.21 + 0.09 11.6
1,10 diaminodecane 6*9 ± 1.1 5.16 0.47 + 0.05 0.09 + 0.06 14.1°
Spermidine 13.2 + 1.3 4.88 0.63 + 0.03 O.OI3 
+ O.OO3
Spermine 17.6 + 2.2 4.75 0.4-3'-+ 0.03 0.16 + 0.04
a Negative logarithm (base 10) of 1 ^  (M)
^ Distance betwen cationic centers (205) 
c Interpolated from ref. 205
d- Slope from equation i 
0
Exponent of intercept from equation 1
Results are the means of the parameters determined in lung slices from 
3 different animals
Under the assay conditions (pH = 7*4) both of the nitrogen 
groups of the diamines will be fully charged (Table 540. Fig. 5«3)«
It is apparent, therefore, that the differing inhibitory potential 
of the diamines may be related to their interatomic cationic 
distances or the lipophilicity of this intermediate region.
Cystamine, a diamine v/ith six atoms between its two 
nitrogen atoms but which also contains tv/o central sulphur
-5
atoms (Fig 5»3)» was a less effective inhibitor (I^q = 2.2.10 M) 
than 1,6 diaminohexane indicating that the nature or conformation 
of the central region of the molecule is also important for inhibition. 
It is also of interest to note here that cysteamine (Fig. 5-3) was 
a very much better inhibitor than propylamine and had an I^q 
value (3.5.10 M) which v/as approximately double that of 
cystamine = 2.2.10 ^M, Table 5.3). It is therefore suggested
that 2 cysteamine molecules might be able to occupy the uptake 
site and thus mimick a diamine structure.
When diamines v/ere quaternarized with methyl groups (i.e. 
trimethonium,tetramethonium or pentamethionium bromides) (Table 5*5? 
Fig. 5.4) all measurable inhibitory potential was lost. The 
possibility that this was due to the amine containing regions 
of the molecules becoming too large is not consistent with the 
inhibitory potential found for agmatine or methyl glyoxal bis.
(guanyl hydrazone) (Table 5«5). It is therefore suggested 
that the lack of inhibitory potency of these alkyl methioninium • 
compounds may be due to steric hindrance of the cationic region,
Table 5»5 The Inhibitory Potencies of Various Substituted diamines
in Blocking Putrescine (1m M) accumulation into rat lung 
slices
Compound - ^50 (^M)
1,3 Diaminopropane 124
Trimethonium bromide > 1000
Ornithine > 1000
Tetramethonium bromide > 1000
1,5 Diamino pentane 26
Lysine > 1000
Pentamethonium bromide >1000
Figure 5*3 The structures of various inhibitors of putrescine (I/aM) 
accumulation into rat lung slices at pH(7.*0
CH^CH^NHj ^ GH2}nN K
n-butylamine o(,W Diamino alkane 
(n = 3-1,3 diamino propane 
n = 4-putrescine 
n = 5“Cadaverine 
n = 6-1,6 Diamino, hexane 
n -'8-1,8 Diamino oxtane 
n =10-1,10 Diamino decane)
h ncch ^ N H p  ^ n h  h3n(CH2)3NH2(Ch2)anh2(ch2)3n h3
Spermidine Spermine
h3n (ch2)4
Agmatine NH=C
/ n h 2 
\n h 2
N H " C^
resonance of 
guanidino group
KNCH^S-SCH^H^Hj H^ Ct-^ CH^ H
Cystamine Cysteamine
Fig* 5 .hr The structures of various amine containing; non-inhibitors
of putrescine (1yuH) accumulation at neutral pH
coo;
h^ nch^ h£h£hnh3
Ornithine
coo"
H^CHf  H2C H2C H2CHN H 3
Lysine
H , N ^
2 C-NH
H2 ^
C00t  
ch2c h2c h2c h n h3
Arginine
(CH3)3N(CH2)nN(CH3)
(n = 3 ~ trimethonium
- tetramethonium 
5 - pentamethonium)
by the surrounding methyl groups, masking it from the binding 
site (Fig 3-3)-
The corresponding diamino acids of putrescine and cadaverine
are ornithine and lysine neither of which were able to inhibit
the accumulation of putrescine (ly<*M) (Table. 3-3)• Similarly
arginine did not inhibit putrescine (1 a^M) uptake but agmatine,
a precursor of putrescine in bacteria, had an comparable
-6
.with the more potent diamines (I^q = 3-3-10 M) (Table 5-6)*
This clearly indicates that the presence of an <x~carboxylic 
acid prevents inhibitory activity. The inhibitory potential 
of agmatine demonstrates that the cationic group need not be a 
simple amine (this compound (Fig. 5*3) contains an amine and a 
guanidino group separated by four aliphatic carbon atoms)and that 
inhibitory potential may be related to the basic strength of 
these groups or the stability of its cation.
-5The two endogenous polyamines, spermidine (I^q = 1-3-10 M)
—5and spermine = 1-8.10 M), had inhibitory potentials slightly
less than 1.6 diamino hexane but greater than cadaverine (Table 3-3)- 
However both of these compounds, especially spermine, bind to tissue 
in a highly non-specific manner and without further measurement 
of the extent of this binding their inhibitory potential cannot 
be dissociated from that of the longer chain diamines.
Paraquat, which has an inter-cationic distance that most 
closely approximates to that of cadaverine, (198) was a comparatively 
poor inhibitor of putrescine (l^M) accumulation (I^Q = 3.2.10~ZfM) 
(Table 3-8). The fully saturated bipiperidine, with a greater
Figure 5*5 Molecular models of the steric hindrance of the cationic
regions of tetra methonium compared to putrescine
+ +
Compound. A - Tetramethonium (CH») N(CH?)kN(CH )
Compound B - Putrescine H_N (CH0).,N H0 
Blue = nitrogen 
Black = carbon 
White = hydrogen
The two nitrogen groups of tetra methonium may be observed to be 
obscured by the surrounding -CH~ groups. In putrescine, however, 
both of the nitrogen atoms are visible indicating that they have 
access to the receptor for accumulation.
\inter-nitrogen distance than paraquat, proved to be better
-5inhibitor (I,-~ = 2.7*10 M) comparable with cadaverine 
50
(Table 5*6).
The most potent inhibitor, of the accumulation of 
putrescine, found was the anti leukaemic drug, methyl 
glyoxal bis (guanylhydrazone), (methyl GAG). This compound 
is an inhibitor of s-adenosyl methionine decarboxylase and 
hence of spermidine and spermine synthesis (Fig 1.5) (20^).
The I^q measured for methy GAG (2.3*10 ^M) was 3 fold 
lower than that found for the most potent diamine (Table 5*6).
The structure of methyl GAG (Fig 5*6) is particularly interesting 
as it consists of two cationic guanidine groups separated 
by four non-polar atoms of which only tv/o are carbon. Guanidine 
groups are particularly strong bases, as their conjugate acids are 
stabilised by delocalisation (Fig. 5*6). In the methyl GAG 
molecule, however, the basicity of the guanide group is greatly 
reduced by the central, methyl glyoxal region, and adjacent 
hydrazone group v/hich may make the basic form more stable, 
by delocalisation. The pKa values of methyl GAG, measured 
by titration, were 7*8 and 9*3 (Fig 5*7)? considerably lower 
than those of the diamines (Table 5*10)» but, v/hich correspond 
well with the value of 7*9 quoted by Block jrt al (207). This 
suggests that either methyl GAG, in its basic form, predominantly 
delocalises to expose two cationic regions by which it may bind 
to the putrescine receptor site or that it is the stability of
Table 5.6 The Inhibitory Potencies of Various Polybasic Compounds
in Blocking Putrescine (1/aM) Accumulation into Rat Lung 
Slices
Compound 1^0 ± S.E.M. Pi50
-M + S.E.M. C + S.E.M.
Bipiperidine
Paraquat
Agmatine
Arginine
Methyl GAG
Diethylene tri- 
amine penta- 
acetic acid
27.0 + 3.0 
517 ± 133
5.3 + 0.8 
> 1000
2.3 + 0.5 
> 1000
^.57
3.29
5.28
5.6^
0.43 + 0.01 0.20 + 0.01
0.3 9 + 0.02 0.7 0 + 0.06
0.49 + 0.06 0.09 + 0.06
0.56 + 0.05 0.013 ± 0.006
a Negative logarithm^ of (M)
^ -slope from equation 1
Q
exponent of intercept from equation 1 
Results are the means of parameters determined in 3 different animals
Fig 5*6 The resonant structures of guanidine and possible resonant
structures of methyl glyoxal bis (guanylhydrazone).
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the cation, once formed that is important for binding.
The Inhibition of the accumulation of paraquat into rat 
lungs by methyl glyoxal bis (guanyl hydrazone), (methyl GAG)
Methyl GAG is a potent inhibitor of putrescine accumulation 
in rat lung slices. If, as has been proposed, putrescine and 
paraquat are accumulated by the same system, methyl GAG should 
also be a potent inhibitor of the accumulation of paraquat into 
lung slices. Conversally, such a finding would provide further 
support for paraquat ana putrescine sharing a common uptake 
system.
A second consideration is that if methyl GAG is a good 
inhibitor of paraquat accumulation in vitro it might also 
have a similar effect in vivo. Such activity raises the 
possibility that the compound might be clinically useful as . 
an antidote to paraquat toxicity.
Both of these hypotheses have therefore been tested:
1. The inhibitory potency of methyl GAG against the accumulation 
of paraquat (10 yuM) into rat lung slices has been determined,
by the same method as that used to study the inhibition of 
putrescine (1 yu.M) uptake.
2. The ability of methyl GAG to reduce paraquat toxicity,
XiX2.’ -*-n a simulated clinical situation, in rats, has been
investigated.
3 0 a In vitro determination of inhibitory potential
A concentration of methyl GAG of (3*1^10 was able to cause 
a 3Qfc inhibition of paraquat (lOyuM) into rat lung slices 
(Table 3-7)* This inhibition was 3 fold more potent than 
putrescine, one of the most effective inhibitors of paraquat 
accumulation found (198), which had an I ^ value of 9*2jxlA 
(Table 3»7)» This result may be of particular significance 
as it indicates that methyl GAG is the most effective 
inhibitor of paraquat accumulation found to date. It is also 
apparent, from-the linear kinetics of inhibition, that the 
effect of methyl GAG was not due to non-specific toxicity.
The determination of the inhibitory potential of methyl 
glyoxal bis (guan.yl hydrazone) against paraquat toxicity 
in vivo
This study was undertaken at the Central Toxicology 
Laboratories, I.C.I. Ltd and thus the animals used were 
Alderley Park Wistar derived rats. The procedure was designed 
to represent a possible clinical situation in which a paraquat, 
antidote might be employed. In the majority of fatal cases 
of paraquat poisoning in man the eventual cause of death is the 
result of extensive lung damage. It is believed that in the 
majority of these fatalities a’lethal* amount of paraquat is 
present in the lung by the time the patient is admitted to 
hospital. The antidote would therefore have to be 
administered as rapidly as possible directly to the lung.
The inhalation route allows administration of high doses of
Table 5«7 The Inhibitory Potencies of Putrescine and Methyl glyoxal
bis(guanylhydrazane) (Methyl GAG) in blocking Paraquat 
(10 a* M) accumulation into rat lung slices
Compound I „  + S.E.M. -H + S,E.H.a C + S.E.M.
 _____________________ 0*M) '  '______________
Putrescine 9*2 + 1A  0.^7 + 0.0^ 0.07 + 0.03
Methyl GAG 3.1 ± 0.3 0.67'+ 0.09 0.008+0.007
2L-slope from equation 1 
exponent of intercept from equation i
the methyl GAG directly to the target organ with, hopefully, 
minimal lung or other major organ toxicity. The efficacy 
of methyl GAG was assessed using two criteria:
. '\ht .
1) The ability of slices of lung-'to accumulate ( C ) paraquat 
2k hr after treatment.
Previous studies undertaken at the Central Toxicology 
Laboratories have indicated that 2k hr after an LD90 
subcutaneous dose of paraquat, the alveolar epithelial Type I 
and II cells are damaged and slices of lung taken from such 
rats show a reduced ability to accumulate paraquat. An 
effective antidote should return the accumulation of paraquat 
by lung slices from paraquat treated animals to the level 
found in control lung slices.
2) Survival over 9 days
After an LD90 subcutaneous dose of paraquat, the majority 
of deaths occur within 3-5 days resulting from an acute response 
of the lung to the paraquat insult. Any alteration, in this 
profile, induced by methyl GAG might be of therapeutic interest.
Paraquat was given to the animals by subcutaneous injection 
as this route results in a plasma peak and pharmacokinetics 
being observed which most closely resemble the profile seen 
following oral administration in man (Fig. 5.8).
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Fig 5,3. Rat lung and plasma levels of paraquat after a single
*\bsubcutaneous in.jection of( C) paraquat (107/*moles/kg). 
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(from Smith L L & Wyatt I, personal communication)
Table 5.8. The Accumulation of Paraquat (10/*M) into lung slices
from rats exposed to an atmosphere containing methyl 
GAG (1.6 mg/rn^ ) for 2b hours following a single 
subcutaneous injection of paraquat (23 mg paraquation/
kg body wt)
Treatment
In Vitro accumulation of paraquat into 
lung slices (slice/medium ratio)
1 hr incubation 2 hr incubation
Saline + Ambient Air 6.8 + 0.9 13.5 + 2.0
Saline + Methyl GAG 
atmosphere
5.1 + 0.5 (75f 9-7 + 1.5 (72)
Paraquat + Ambient Air ^ 2.8 + 0.3b(Vl) 5.1+0.7b(38)
Paraquat + Methyl GAG 
atmosphere
1.7 + 0.1bcd(25) 2.9 + 0.ifbcd(2l)
Lung slices were incubated in Krebs ringer phosphate buffer containing 
paraquat (10/.M, 0.1 ju.Ci/3ral). The accumulation of paraquat was. * 
measured after 1 and 2 hours and results were calculated as slice/ 
medium ratio of radioactivity. Results from 5 animals/group were 
expressed as mean + S.E.M.
cl
Result expressed as %  of the ratio in the saline + ambient air control
b
significantly different from the slice/medium ratio in the saline + 
ambient air control (p < 0.05)..
c
significantly different from the slice/medium ratio after the saline 
+ methyl GAG treatment (p< 0.05).
d
significantly different from the slice/medium ratio after the paraquat 
and ambient air treatment (p< 0.05).
After Zk hours exposure to atmospheric methyl GAG (1.6 mg.m~?) 
a slight reduction in the ability of lung slices to accumulate 
paraquat (72-75% of control) was seen compared to untreated 
controls. In lung slices from animals which had received paraquat 
but not methyl GAG, the ability to accumulate the herbicide was 
more markedly reduced (38-^1% of control), but not by as great 
an amount as in those animals which had received paraquat and 
had also been exposed to methyl GAG (21-25%) (Table 5*8).
This suggested that methyl GAG had not prevented the accumulation 
of paraquat into lung in vivo. Exposure to methyl GAG alone 
appears to have reduced the ability of lung slices to accumulate 
paraquat in vitro. The independence of this effect, from that of 
paraquat, is suggested by the evidence that, when administered 
together, the two compounds produced an even greater lowering of 
in vitro paraquat accumulation ability, into lung slices, than 
the herbicide alone.
In vivo methyl GAG had no protective effect against paraquat 
toxicity in this study, as no difference was seen in the pattern 
of death in either group that had received paraquat (-LD90 dose) 
(Table 5.9).
By the inhalation route, as used in this investigation, 
methyl GAG did not appear to have activity as an antidote to 
paraquat toxicity. However, the ability of methyl GAG to 
reduce the ability of lung slices to subsequently accumulate 
paraquat suggests that further investigation of this mechanism 
and of other possible foutes of administration of methyl GAG may 
yield information of value to the design of antidotes to
Table 5»9 The effect of exposure to methyl glyoxal bis (guanyl
hydrazone,(methyl GAG) upon the death of rats given 
paraquat
Number of animal dead
Animal Group3- day 1 day 2 day 3 day k day 3 day 6 day 7 day 8 day 9
b eParaquat Control 5 3 1 1 - — - -
Methyl GAG 
Controlcd
- - - - - - - -
Paraquat + , . - 
Methyl GAG
5 5 - - - - -
a n = 10
k animals received 20 mg paraquat ion/kg body wt in saline (10 mg/ml), 
subcutaneously.
c animals received saline (2 ml/kg body wt) subcutaneously.
d "5animals exposed to an atmosphere containing methyl GAG (1.6 mg.m )
for ^8 hours 
- no deaths
the pulmonary toxicity induced by paraquat.
Discussion
The studies, of the inhibition of accumulation of putrescine 
into lung slices, indicate that at least one basic group is 
required for inhibitory action and that dicationic bases have 
greater inhibitory potential than mono-cations. The lack of 
action of the diamino acids (ornithine, lysine or arginine) 
not only indicates that a carboxyl group adjacent to one of the 
amine groups prevents inhibition but also that the system, 
being investigated, is not the.same as that reported for the 
uptake of diamino acids by Ehrlich ascites tumour cells 
(207, 209). The lack of effect of sodium free medium, upon 
the inhibitory potential of n-butylamine or propylamine, 
further separates this system from that described for diamino 
acids which was only inhibited by the corresponding mono-amino 
acids in the presence of alkali metal ions (203, 20 )^.
The relative basic strength of the inhibition may be 
important in defining their inhibitory potential. .However, 
since at the pH of the. incubations the most effective inhibitors 
are predominantly ionised (Table 3.10), the stability of the 
acid conjugates may also regulate their inhibitory potential.
For the monoamines, the cation will be stabilised by increasing . 
alkyl chain lengths although basicity is not greatly altered by 
lengthening of the chain (Table 5-10)*
Table 5*10 The dissociation constants of various organic bases
in aqueous solution
Compound
n-Propylamine
Temperature
(°c)
20
ko
apKa1
10.71
10.-05
pKa^
n-Butylamine 20 10.78
ko 10.11
n-Pentylamine 22 10.71
1,3 diamino propane 20 10.62 8.6A
ko 9.99 8.02
1,k diamino butane 20 10.80 9.35
(Putrescine) ho 10.26 8.83
1,5 diamino pentane 20 10.96 10.02
(Cadaverine)
1,6 diamino hexane 20 11.11 10.01
,*f0 10. 9.39
1,8 diamino octane 20 11.00 10.10
methyl GAG 22 9.3b 7.8b
afrom Perrin (210) 
kfrom Fig 5-7
When inhibitory potential (I q^ ) is expressed as a function of 
alkyl chain length, for the mono amines, there appears to be a 
relationship (Fig 5*9)- However, when it is expressed as a 
function of pKa, no relationship is apparent (Fig 5.10). The
stability with which they are able to bind, ionically, to a 
receptor. If inhibitors form ionic bonds with a receptor site, 
one would predict that the alkyl methonium compounds which, due 
to steric hindrance of the cationic site, do not readily form 
ionic bonds, would be poor inhibitors of putrescine uptake.
This is indeed the case and it may thus be proposed that the 
inhibitory potential of a compound is related to the affinity 
with which it binds, electrostatically, to the receptor for 
uptake, and also the stability with which it forms -such bonds.
The diamines also provided evidence that the alkyl chain length 
between the cationic centers affects inhibitory potential 
(Fig. 5*9). Diamino propane was only a marginally stronger
inhibitor than n-butylamine, whereas, the longer chain diamines 
(1,6 diamino hexane - 1,10 diamino decane) had inhibitory 
potentials which implied affinities comparable with putrescine 
itself.
It will be apparent that one may not measure the inhibitory
effect of putrescine upon its own uptake. Since the kinetics
of accumulation of putrescine are known (Km =11 .5 uM, V v = 331/ max
nmol/g/hr) one may, by use of Michaelis-Menten kinetics, calculate
its potential to competitively inhibit the uptake of a hypothetical
compound X with the same Km and V values. Such a calculationmax
gives an 1 ^  value of putrescine of 12.5 |xM. When this value is 
related to the alkyl chain length of putrescine, it appears to 
correlate with values determined for the longer chain diamines 
(n = 6-10, Fig. 5.9).
Fig. 5»9a The potential of mono and diamines to inhibit (I^q) 
the accumulation of putrescine (l/*M) ~by lung slices 
as a function of their alkyl chain length
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The relatively poor inhibition by 1,5 diamino pentane 
(Cadaverine) suggests that this compound does not easily fold 
to fit the receptor site. This result also suggests that the 
optimum distance between the two cationic groups is four carbon 
atoms. The results shown in Figure 5*^0 indicate that there may be 
a correlation between the first■dissociation'constant (p'Ka,j) for 
the mono- and di-amines and their inhibitory potential but this 
may be fortuitous as all the pKa values are very close. The 
possible correlation between I^ -q and pKh^ for the diamines 
(Fig 5.10) may be a reflection of the inductive effects of the 
alkyl chain length upon the latter value. Neither of these two 
correlations are compatible with the low basic strength but 
high inhibitory potential of methyl GAG.
accumulation of putrescine (.1m M) into lung slices as a
function of their dissociation constants in aqueous solution
methyl GAG
I 1,8 diaminooctane 
1,6 diaminohexane
a
‘50 p 1,5 diaminopentane 
/ (Cadaverine)
©/ n-pentylamine^
> / 1,3 diaminopropane
p  n-butylamine
3-0
12
o = pKa^ + = pKa^ (where applicable)
b = pKa at 22°C 
c = from Perrin (209)
d = pKa’s determined by titration - Fig. 5-7
The relative inhibitory potentials of the diamines, found in 
these experiments, compare well with those reported by Ross and 
Krieger (198) for the inhibition of paraquat uptake into rat lung 
slices. This provides further evidence for a common system of 
accumulation for paraquat and putrescine.
Inhibitory potential was not restricted to amines, other 
dicationic compounds containing guanidino groups (agmatine and
methyl GAG) were also effective. Agmatine is not only strongly 
dibasic but the conjugate acid of its guanidino group is 
extremely stable (Fig. 5-3)• This further suggests that it may 
be the stability of the conjugate acid, rather than the basic 
strength, which is important in defining a compounds inhibitory 
potential against putrescine accumulation. Methyl GAG, however, 
is a relatively weak base (Fig. 5-7)> possibly because this form is 
stabilised by delocalisation or intermolecular bridging, although, 
once produced, the acid conjugate is also very stable (Fig 5-6).
In this case, therefore, it v/ould appear to be the stability of 
the cation which is the explanation for the high inhibitory potential 
of methyl GAG.
These studies indicate that, in order to inhibit the 
accumulation of putrescine into rat lung slices, compounds must 
have a specific structure or shape:
1. Inhibitor compounds must possess one and preferably two 
cationic groups able to form ionic bonds with a receptor site. 
Possibly, it is the basic strength and/or the stability of the 
conjugate acid of these compounds, which determines their 
inhibitory potential.
2. The optimum distance between the cationic centers equivalent 
to four carbon units - longer alkyl chains which may fold to give 
this separation may also be good inhibitors.
3- There should be no carboxyl groups adjacent to cationic 
center.
*f. The cationic regions need not be primary amines - Compounds 
containing secondary amines (A-,^f* bipiperidine), quatenary amines
(paraquat) or guanidine (agmatine methyl GAG) also have inhibitory 
potency.
Reports have indicated (96, 198) that, of the endogenous amines 
accumulated by the lung, the polyamines are the most potent inhibitors 
of paraquat accumulation into lung slices. So, on the basis of this 
and the present data it may be speculated that putrescine and 
possibly spermidine and spermine are the natural substrates for this 
accumulation system in the lung.
Alhonen-Hongisto et aJL (211) have reported that the uptake of 
polyamines, in Erlich ascites tumour cells, was induced by depletion 
of intracellular polyamine levels. In the lung, however, metabolism 
of accumulated putrescine is apparently minimal (97)* Since it 
was of interest to compare these two systems, methyl GAG was initially 
included in these experiments as an inhibitor of putrescine-activated 
S-adenosylnethionine decarboxylase (206). The consistent 
inhibitory effect of methyl GAG, observed upon the accumulation of 
putrescine into lung slices, and the similarity of the gradient 
constants ( f t )  from equation 1 to those found for the diamines (Tables 
5.4 and 5*8) suggested that action was at the site of accumulation. 
This result was particularly significant as it suggested similarities 
between the polyamine uptake system of the lung and a number of 
other accumulation processes, reported in different cell types, 
which were also inhibited by methyl GAG. An energy dependent system, 
for the accumulation of putrescine or spermidine which could 
accumulate methyl GAG, has been described to exist in a range of 
nucleated cell types, including human leucocytes. The uptake system
was competitively inhibited by putrescine and spermidine (212). 
Competitive inhibition of methyl GAG accumulation by spermidine 
has also been reported in mouse Leukemia L1210 cell lines (213) 
and Mandel and Flintoff(214) have indicated that putrescine, 
spermidine and methyl GAG may share a common system for accumulation 
in Chinese hamster ovary cells. The reverse inhibition, namely, 
competitive inhibition of putrescine and spermidine accumulation 
by methyl GAG has also been reported, in Swiss 3T3 mouse fibroblasts 
(175)- These papers suggest that, in a number of diverse systems, 
the polyamines and methyl GAG compete for uptake at the same 
binding site(s). In one study where structure activity studies 
have been described a receptor has been proposed (212) which 
appears to require similar substrate characteristics for uptake 
to the lung. It would therefore appear that a system for the 
accumulation of the polyamines occurs in many tissues (Table 7*2).
A wider consideration of the biochemistry of methyl GAG shows 
that is is also able to inhibit polyamine synthesis and metabolism 
and its anti-tumour activity may be a result of these properties 
(Review 215). In contrast to its competition, with the polyamines, 
for uptake, the inhibition of mammalian, putrescine stimulated, 
S-adenosylmethionine decarboxylase is uncompetitive with respect 
to putrescine (216), but competitive for S-adenosylmethionine.
(206, 216). Neither spermidine synthase, nor ornithine 
decarboxylase, are inhibited by methyl GAG (216), but another enzyme 
which uses putrescine as a substrate, diamine oxidase, is non- 
competitively inhibited (215). These observations imply that
in expressing these inhibitory actions, methyl GAG does not 
directly compete with putrescine for binding sites. This is 
apparently in contrast to the cellular uptake system which must 
therefore be a separate system.
An alternative hypothesis proposed to explain the anti­
proliferative action of methyl GAG is its action upon mito­
chondria. Guanidine and alkyl guanidines are able to uncouple 
oxidative phosphorylation in isolated mitochondria from rat liver 
(217). In L.1210 leukaemlc cells,methyl GAG rapidly inhibited 
mitochondrial function, before significant changes in the 
levels of polyamine pools were noted (218). In addition, 
ultrastructural damage to mitochondria, induced by methyl GAG, 
was iot produced by -methyl ornithine, another inhibitor of 
polyamine synthesis. Although it has been widely shown that 
specific depletion of intracellular polyamine pools, by 
administration of inhibitors of ornithine decarboxylase (
K-methyl ornithine, 1,3-diamino-2-propanol’., DL- o<hydrazino- - 
aminovaleric acid or 1,6 diaminohexane), leads to inhibition 
of DNA synthesis and replication, and tissue regeneration 
in many cell types (150? 152, 180, 183), interference with 
mitochondrial function by methyl GAG, by a mechanism unrelated 
to the polyamines, may also have a role in its anti-tumour action.
The inhibition of paraquat accumulation into lung slices, by 
methyl GAG is not only further evidence for the common uptake 
system shared by paraquat and putrescine, but also implicated 
the inhibitor as a potential antidote to paraquat toxicity 
in vivo. When tested in a simulated clinical situation, although
no protective effect-was found against the paraquat toxicity, 
the reduced ability of the slices to subsequently accumulate 
paraquat suggested a number of possible effects of methyl GAG.
1) The compound may be toxic itself thus reducing the ability
of slices to accumulate paraquat. 2) Methyl GAG might occupy
the receptors for uptake without being accumulated thus reducing
the number of potential receptors for the in vitro study and
hence the rate of putrescine accumulation. 3) Methyl GAG
treatment might have raised cellular putrescine levels thus
resulting in reduced paraquat uptake. Although this last
possibility is not consistent with the data of Smith and Wyatt
(97)» who reported that pre-incubation with putrescine did not
alter its subsequent accumulation, it might have been predicted
from the report of Pleshkewych et al (2l8);the exposure (24 hr)
of cultured murine L1210 leukaemia cells, to methyl GAG doubled the
intracellular putrescine pool. On the basis of suggestion 2, the effect of
preincubation of lung slices with methyl GAG upon the subsequent accumulat
of putrescine has been determined (Smith, L.L. 8c Wyatt,I. personal communi
cation). It was-found that the pre-exposure did not inhibit the ability
of lung slices to accumulate putrescine. This result indicates
that methyl GAG does not occupy the uptake receptor sites without
being accumulated in the lung. It is therefore suggested that
the inhibitory action of methyl GAG upon putrescine and paraquat
accumulation into lung slices is due to competition for uptake
at receptor-binding sites.
Chapter 6 The accumulation of polyamines and paraquat
by human lung 
Introduction
.1. Paraquat & polyamine accumulation into lung slices
.2. The apparent kinetics of putrescine accumulation 
into lung slices
•3- Putrescine accumulation by lung explants in 
culture
.4. Discussion
Introduction
The ability of rat lung slices to accumulate paraquat has 
been demonstrated (94). This energy dependent accumulation 
obeys saturation kinetics and may be the same as that responsible 
for the accumulation of putrescine in the lung (97)- Indeed, 
it has been suggested that the natural substrates for this 
system may be putrescine and other endogenous polyamines (97)- 
Paraquat is also accumulated into human lung‘slices by a system 
which obeys saturation kinetics (219). The presence of a system 
for the accumulation of putrescine, spermidine and spermine 
in the human lung could also explain the cause of paraquat 
accumulation in this species, however , to'date no such system has 
been identified. It was possible to obtain samples of apparently 
normal human lung removed during surgery from lung cancer patients. 
These samples, obtained at surgery, were transported on ice to 
the laboratory in Leibovitz L-15 medium. Studies were therefore 
undertaken to measure the ability of these samples to accumulate 
paraquat, putrescine, spermidine and spermine. The ability of 
these compounds to inhibit each others accumulation has also 
been measured.
6.1. Paraquat and polyamine accumulation into human lung slices
a. Paraquat accumulation (Table 6.1)
Paraquat (10^ M) was accumulated, in a time dependent 
manner, in three out of four samples examined. The accumulation 
was in agreement with the literature (219), although the rate of 
accumulation varied between patients (mean (+ S.E.M.).= 16 (+ 6) 
nmoles of paraquat/g wet wt lung/hr, n - J>). This accumulation
Table 6.1 The accumulation of Paraquat (10/a H) into human lung
slices
Patient Rate of Accumulation 
of Paraquat 
(nmol/g wet wt lung/hr)
% Inhibition of Paraquat 
Accumulation by 
Putrescine Spermidine Spermine 
dOywM) dO^M) (10^M)
E
F
I
16
3
27
50
88
74
100
38
44
67
89
a
Incubations were carried out at 37°C in medium containing/^ *0) 
paraquat (l0y*.M) and the accumulation of radioactivity was measured 
after 30, 60 and 120 minutes. The rates of accumulation of paraquat 
were subsequently determined by linear regression.
a not measured
was markedly inhibited in the presence of an equimolar 
concentration (lOyu.M) of any of the naturally occurring polyamines, 
putrescine, spermidine or spermine (Table 6 .1).
b. Putrescine accumulation (Table 6.2)
Putrescine (10^ /uM) accumulation was measured in all of the 
thirteen samples obtained. In twelve of these samples putrescine 
uptake was time dependent with a rate which varied from 27-160 
nmoles of putrescine/g wet wt. lung/hr (mean (+ S.E.M.) = 77 
(+ 14), n = 12). The one sample (D) in which no accumulation 
of putrescine was observed was also the one which failed to 
accumulate paraquat.
c. The effect of storage of lung tissue upon putrescine accumulation
It was felt that the variation observed in the rates of
putrescine accumulation between the different samples might be 
due, in part, to the fact that the tissue was not fresh and
that it was held at 4°C. In order to investigate these possibilities
tissue from patient 11 was sliced immediately upon arrival in the 
laboratory and samples held at 37°C, room temperature or 4°C 
in HBS for 3 hours. At the end of this time, the rate of 
accumulation into the slices held at 4 C was markedly lower than 
in that at 37° C °r room temperature. In the same experiment, a 
sample of unsliced lung was kept in Leibovitz L-15 medium at 4°C 
for 24 hours after which time the ability to accumulate putrescine 
was retained at 81% of that in fresh tissue (Table ,6.2). On the .
Table 6.2 The accumulation of Putrescine (10/tH) into human lung
slices
Q. *Patient Rate of Accumulation % Inhibition of Putrescine
of Putrescine Accumulation by
(nmol/g wet wt g Lung/hr) Spermidine
(lO^M)
Spermine 
(10/* M)
Paraquat
(10/*M)
E ■11*f 92 c 31
F 27 100 kb o
G 116 62 61 12
H fresh 63 - -
H b stored
2b hr
35 69 — - —
I 68 63 76 -
J 28 5^ b5 -
o iAIncubations were carried out at 37 C in medium containing ( C)
putrescine (lO^uM) and the accumulation of radioactivity was measured.
after 151 30 and 60 minutes. The rates of accumulation of putrescine
were subsequently determined by linear regression.
S. "The rates of accumulation of putrescine (10/<.M) were also determined 
in 6 other samples (patient A - 8A, B - 160, C - 145, K - 28, L - 82, 
M - 23 nmoles putrescine/g wet wt lung/hr).
■j^
AQsample of tissue from patient H was stored overnight (2^ f hours) at 
k C, in Leibovitz L-15 medium.
C not measured.
basis of these experiments it was decided that it was acceptable 
to keep unsliced tissue samples at 4°C in Leibovitz L-15 
medium but that slices should be held, if necessary, at 37°C.
It was also concluded that variation in the abilities of lung 
slices, from different patients, to accumulate putrescine, 
did not result from their transportation to 'the laboratory at 
*f°C.
d. The inhibition of Putrescine accumulation
The accumulation of putrescine 10yU.M into human lung slices
was energy dependent, being greatly reduced at 4°C (patients
L and M 99% and 98% inhibition respectively of the control
uptake rate), although in the presence of potassium cyanide 
inhibition was variable (patient E - b6%,' G - 38% inhibition,
F - 34% stimulation of the control rate by 10yu.M KCN, patient L - 
5^%, M - 72% inhibition of the control rate by 1 mM KCN). The 
apparent stimulation of putrescine uptake observed in patient F 
is in contrast to the other results and may perhaps reflect a 
low measurement of the control rate. In seven patients, putrescine 
accumulation was inhibited by ¥f-10CJ% in the presence of an 
equimolar concentration of either spermidine or spermine (lOyw.M) 
(Table 6.2). In one patient, in the presence of a higher 
concentration of either spermidine or spermine (100/k-M), putrescine 
was even more markedly inhibited (patient K - 96 and 95% inhibition 
of the control accumulation rates respectively) (Fig. 6.1). After 
overnight storage of unsliced tissue at *f°c in Leibovitz L-15 medium
■y  ^J |
Fig 6.1 The accumulation of ( c) putrescine (10/tM) by human lung 
slices - inhibition by spermidine and spermine (100>u H)
30 -
23
rH
OO
Cj
<D
•HOW0)
u-p3
FM
Incubation time (min)
Incubations were carried out at 37°C in HBS containing ( c) 
putrescine (lO^M, O.I/^ .Ci/3 ml). Inhibitors, spermidine (10(^M
+---+) or spermine (lOO^M, x— x ) were present in the .medium
at the start of the incubations. The control accumulation of 
putrescine (©— © ) was determined in the absence of either 
spermidine or spermine.
(patient H), the percentage inhibition of putrescine (lOy\M) 
accumulation by spermidine (lOy*xM) was similar to that in fresh 
tissue (Table 6.2).
e. Spermidine accumulation
Spermidine (10yu.M) was accumulated into, lung slices from 
6 patients (mean rate (+ S.E.M.) = 37 (+ 3) nmoles of spermidine/ 
g wet wt lung/hr. This accumulation was inhibited at b° G 
suggesting that it was an energy dependent process (patient L - 
100%, M « 6b% inhibition, of the control rate, (Table 6.3)* 
Potassium cyanide (1 mM) partially inhibited the uptake system 
in fresh tissue (patients L and M) or in a sample stored at 
^°C, in L-13 medium for 2b hours (patient K) (Patient L - 3^%i 
M - 33%, K - 38% inhibition, of the control rate of accumulation).
The accumulation of spermidine (10^M) was partially reduced 
by putrescine (10 u^ M) but not significantly by spermine (lOyuM) 
(Table 6.3). However at a higher concentration of either 
putrescine (100y*M) or spermine (IOO^aM), the accumulation of 
spermidine (10^M) was almost totally inhibited (patient K)
(Fig 6.2). The apparent lack of an inhibitory effect of the lower 
concentration of spermine (lOyu.M), on the uptake of spermidine, 
may be due either to a lower affinity for the uptake system or 
to its non-specific binding to glassware or tissue. This latter 
effect would result in the concentration of spermine in the 
medium being far less than 10ynM.
Table 6.3 The Accumulation of Spermidine (10 M) into human lung slices
Patienta Rate of Accumulation 
of Spermidine 
(nmoles/g wet wt lung/hr)
% Inhibition of Spermidine 
Accumulation by 
Putrescine Spermine 
1CyM 10 jx M
H 33 31
c
Hb 
stored 
2h hr
29 50
I 37 16 0
J V.>
1 00 12 7
o 1^tIncubations were carried out at 37 C in medium containing ( C)
spermidine (l0yu.M) and the accumulation of radioactivity was measured
after 15, 30 and 60 minutes. The rate of accumulation of spermidine
was subsequently determined by linear regression.
cl The rates of spermidine accumulation were also determined in samples 
from 3 other patients (patient K - ¥t, K stored for 2k hr - 11, L - 53,
M - 19 nmoles spermidine/ g wet wt lung/hr).
b Samples of tissue from patients H and K were stored overnight (2^ f hours) 
at 4 C, in Leibovitz L-15 medium.
Q
indicates not measured.
. ^ Aj. .
Fig. 6.2. The accumulation of ( C) spermidine (lOyuM) by human 
lung slices:- inhibition by spermine and putrescine 
(100 M)
1 60
rH
•H
20
600 15
Incubation time (min)
Incubations were carried out at 57°C in HBS containing (^c) 
spermidine (10^<M, 0.1^tCi/3 ml). Inhibitors, putrescine (100yuM, 
+—  + ) ' or spermine (100/*M, x— x) were present in the medium at the 
start of the incubations. The control accumulation of spermidine 
(®— ) was determined in the absence of either putrescine or. 
spermine.
f. Spermine accumulation
The accumulation of spermine (10yu<.M) was measured in 
3 patients (patient J - 61* K -48, L - 87 nmoles/g wet wt 
lung/hr). The uptake was found to be energy dependent 
being inhibited at 4°C in either fresh tissue or in that stored 
overnight (24 hr) in Leibovitz L-15 medium (Patient L - 94%,
K stored 24 hr - 49% inhibition of their respective control 
uptake rates at 37°C). The effect of potassium cyanide (1 mM), 
hov/ever, was less consistent (patient L - 0%, K stored 24 hr - 
94% inhibition, of the control rates). By extrapolation of 
the accumulation to time t = 0  it was apparent that there was 
considerably more spermine associated with the tissue, in an 
energy independent manner, than putrescine or spermidine.
As might be anticipated, from the putrescine and spermidine 
accumulation data, equimolar concentrations of either spermidine 
or putrescine inhibited spermine (lOy*M) accumulation, by 
93 and 4?% respectively (patient J). Higher concentrations 
of spermidine (lOOyuM) and putrescine (lOOy^M) had an 
even greater effect on spermine uptake, inhibiting it by 100 
or 78% respectively (patient K).
6.2. Determination of the apparent kinetics of putrescine 
accumulation into human lung slices
In order to further characterise the human pulmonary 
uptake system for putrescine the accumulation from a range of 
concentrations (lOyuM - 1 mM) was determined (.Table 6. 4). A 
Lineweaver-Burke reciprocal plot of putrescine concentration
Table 6.4 The Accumulation of •putrescine (10/k H - 1 mM) into human •
lung slices
Patient Rate of Accumulation of putrescine Apparent Apparent
nmol/g hr at media conc. of Km (uM) V. / max
10 u M 20 uH 100 a I-i 1 mM (nmol/g wet
wt/hr)
A 98 103 160 461 11 172
B 160 163 237 332 9 249
o 145 163 171 169 2 169
E 44 76 90 481 9 99
Slices of human lung v/ere incubated at 37°C in medium containing
14various concentrations of ( C) putrescine. The amount of putrescine
in the slice v/as measured after 13? 30 and 60 minutes and from this the
rate of accumulation v/as determined. The apparent Km and V valuesmax
were obtained from V/oolf plots of (•— — re^c^ ne>-- against (the
bptake rate *
(Putrescine) in the medium) \ and were calculated over the
linear range.
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Fig. 6.A-. ■ Woolf plot of the accumulation of putrescine into
human lung slices (patient A)a
2.0"
1.0’
0.5-
010 100 1000
-1
Putrescine. M
a data from Table 6.4-
b — 1
Putrescine . M /putrescine accumulation rate (nmol/g wet wt lung/hr)
against the rate of accumulation of putrescine indicated that 
Michaelis-Menten kinetics were directly applicable in only one 
case (patient C) (Fig. 6.3). In the other 3 cases, the rates of 
accumulation of the highest substrate concentration of putrescine 
(1 mM) were unexpectedly large. These results were therefore 
expressed in the form of a Woolf plot <S/v against S ). This plot 
showed biphasic kinetics, being linear upto a substrate 
concentration of 100yuM suggesting that apparent Michaelis 
Menten kinetics were obeyed in these cases up to this concentration 
(Fig. 6.A). From these data it was possible to calculate Km 
values of 2-11 jjlIA and values of 99-2^9 nmoles of putrescine/
g wet wt lung/hr, for uptake of putrescine (using the range of 
putrescine concentrations 10-100^M). The high rates of uptake 
of putrescine observed at higher substrate concentrations (1 mM) 
(patients A, B and E) suggests that, despite saturation of 
primary transport system, another uptake system appears to 
predominate at this concentration. This possibility requires 
further investigation.
6.3. The accumulation of putrescine (10 /*M) by explant cultures 
of human lung
Explant cultures of human lung sample G were prepared as 
described in methods (Chapter 2). The cultures were maintained 
for twelve days after which time the accumulation of putrescine 
(lOyu.M) was determined. Slices from the fresh tissue had 
accumulated putrescine at a rate of 116 nmoles/g wet wt lung/hr.
The uptake *ate in the cultured explants was 28 nmoles putrescine 
/g wet-wt lung/hr. Although it is not possible to quantitatively
compare these two results it is apparent that the cultured 
explants were able to accumulate putrescine in a manner 
similar to that seen in fresh tissue. Wax embedded sections 
of the lung explants, stained with haematoxylin and eosin, 
indicated that by 12 days of culture they contained about 40% 
of apparently viable cells which included many fibroblasts.
This preliminary investigation indicates that cultured 
human lung explants provide a means by which polyamine uptake 
may be studied over a period greater than that which is 
possible in slices. In such a system it may be possible to 
study the effects of exogenous factors and also to induce the 
preferential growth of specific cell types. Coupled with the 
data obtainable from rat lung explant cultures (Chapter 4.4) 
it would also be possible to undertake a comparison of the 
characteristics of polyamine uptake in these two species 
(human and rat).
Discussion
The pulmonary toxicity of the herbicide paraquat is due at 
least in part to its accumulation in the lung. Smith and Wyatt 
( 97) have recently reported a similar uptake process in the 
rat for putrescine. The present study indicates that a similar 
mechanism for the accumulation of putrescine also exists in 
human peripheral lung. This is an energy dependent process 
which may be inhibited by the presence of other naturally 
occurring polyamines. The inability of paraquat to cause a
similar degree of inhibition (Table 2) may indicate that, as 
in the rat, the affinity of putrescine for the system is greater 
than that of paraquat. The ability of putrescine to inhibit the 
accumulation of paraquat into human lung further supports the 
view that the herbicide is accumulated into the lung by the 
same process as putrescine. -
We have also demonstrated that the naturally occurring 
polyamines, spermidine and spermine are also accumulated into 
human lung in an energy dependent fashion. The mutual inhibition 
of polyamine uptake by the other polyamines (Tables 6.2 & 6.3) 
suggest that they share a common uptake system. Putrescine 
(100^ m.M) did not totally abolish spermine (lCy*M) uptake, whereas 
spermine (100^ M) totally inhibited putrescine (lOyutM) uptake, 
implying that the affinity of putrescine for the system is 
lower than that of spermine. Spermine (lOO^ uM)- uptake was almost 
completely inhibited in the presence of putrescine (10/aM) or 
spermine (lO^uM), in human lung slices and uptake of spermidine 
(KD/aM) was abolished by either putrescine (lOOyw-M) or spermine 
(lOO^uM). These results suggest that the relative affinities 
of these polyamines (at IC^cM) for the accumulation system in 
human lung slices are; spermine > spermidine > putrescine.
The inhibition of the accumulation of all of these polyamines 
at 4 C v/as taken as being indicative of the fact that the uptake 
systems required energy. - The varying results obtained with 
cyanide, even at 1 mM concentrations, may perhaps be due to the 
time elapsed since removal of the tissue from the patient. The
lung once removed from the body may perhaps alter its metabolic 
profile,such that pathways other than mitochondrial oxidative 
phosphorylation also become important in energy production.
The existence of systems for the accumulation of spermidine 
and spermine is not unique to the lung, apparently similar 
systems have been described in both mouse and rabbit brain 
(19% 200) and human leucocytes (212). In the"'mouse brain (199) 
the accumulation of spermidine and spermine is inhibited by 
cyanide or putrescine and is sodium independent. This system 
appears similar to that described in the rat lung and brain 
(97) Tor the accumulation of putrescine. In the leucocyte 
(212) the characteristics of the system suggest that the natural 
substrates are dibasic compounds which are probably polyamines.
The requirements for the system appear very similar to those 
described for rat lung (Chapter 5). This suggesis that the . 
accumulation of polyamines by an energy dependent, sodium 
independent system is neither unique to the rat nor to the lung.
The apparent biphasic kinetics for the accumulation of 
putrescine into human lung slices is apparently similar to the 
situation described for accumulation of spermidine and spermine 
into both rabbit brain (200) and rat cerebral cortex slices (220). 
At low concentrations, both spermidine and spermine are accumulated 
into rabbit brain by an active saturable system. At high 
concentrations an energy independent diffusion was also observed 
(280). The affinity of both polyamines was apparently similar 
for the primary uptake system (km 21 & 2kjiK M respectively for 
spermidine and spermine). The apparent kinetic constants
determined for the primary system of accumulation of putrescine
into human lung slices (Km 2-11yuM, 99-'249 nmoles/g wet
wt lung/hr) are comparable to those determined in rat lung
slices (Km = 7 k M, V = 330 nmol/g wet wt lung/hr (97)- It / max
therefore appears that the energy dependent accumulation of 
polyamines in human lung slices is comparable to those systems 
described in rabbit brain and rat brain and lung (97, 199, 200).
The reason(s) for the accumulation of polyamines in lung, 
brain or leucocytes is unclear. The physiological function of 
these compounds has been linked to many processes including 
tissue growth and regeneration (Chapter 1.3). One may therefore 
speculate that this uptake system may be involved in the 
regulation or control of such processes, although, further 
experiments are required to demonstrate such a role.
Chapter 7 Final Discussion
7 Final Disscussion
The system(s) for the accumulation of putrescine, into lung 
slices, appears very similar in both the rat and the human. Both 
processes apparently obey saturation kinetics at low substrate 
concentrations and require energy. In both species, the accumulation 
of putrescine may be inhibited by the presence either of the other 
endogenous polyamines (i.e. spermidine and spermine) or by 
the herbicide paraquat. On the basis of the data presented in 
Chapters and it appears most probable that it is this system 
which also accounts for the accumulation of paraquat into rat lung. 
The results obtained in human lung, Chapter 6, are consistent with 
a similar conclusion in that species. It is further apparent that, 
in both species, the, affinity of putrescine for the uptake system 
is greater than that of paraquat. From the data presented in Chapter 
5 it may be speculated that paraquat mimics the action of putrescine 
by binding to a receptor for dications, which results in its 
accumulation into lung slices.
Whilst the mechanism of accumulation still requires 
further elucidation, it is possible to propose a number of 
hypotheses about how their accumulation may occur.
1) The compounds may be accumulated by an active transport system 
which acts to transport the dicationic substrate either across 
the cell membrane into the cytoplasm, or across an intercellular 
membrane into a specific cellular compartment,.
2) The accumulation may be due to the dicationic substrate binding 
to a receptor either on the cell membrane or intracellularly.
In the latter case the substrate would cross the cell membrane 
by diffusion. One would propose that binding of this type would 
require a constant input of energy, such that the presence of 
metabolic inhibitors (e.g. cyanide) would inhibit further binding 
of the substrate and lead to its efflux from the tissue.
On the basis of the available data, the second proposal 
appears unlikely: following incubation of lung slices with
putrescine or paraquat, the rate of efflux of either compound, 
into fresh medium is very slow (201). Given proposal 2, one would 
expect that the substrate remained bound to its receptor in such 
a circumstance. One would therefore predict that preincubation of 
lung slices with putrescine (10 u^ M) would effectively reduce the 
number of available binding sites and thus lower the subsequent 
uptake of paraquat (10 j^u.M). This however does not occur, as ’
pre-incubation of lung slices with putrescine , (10/tcM) does
not affect the subsequent accumulation of paraquat (10/xM).
^Although, if slices are incubated with both compounds at these 
concentrations the accumulation of the latter is reduced by more 
than (Chapter 5)» When rat lung slices were pre-incubated 
with paraquat '(lO^ uM) a subsequent reduction in the accumulation 
of .putrescine (10 u^ M) v/as observed (Chapter f^), however as already 
discussed, this result v/as most probably a result of paraquat 
toxicity rather than direct inhibition of accumulation of putrescine. 
Given these results, for proposal 2.to hold, the slice would require 
an infinite number of dication binding sites and thus the accumulation
of paraquat or putrescine would not therefore obey saturation 
kinetics. However, the accumulation of both compounds obeys 
saturation kinetics as first described by Smith and Coworkers 
(94, 97). Hypothesis 1 therefore appears to be the more 
plausable of the two i.e. the accumulation of putrescine 
or paraquat is due to active membrane transport. It is not 
known which cellular compartment accumulation occurs into, 
however, the ease with which either putrescine or paraquat 
may be extracted from lung slices indicates that there is 
little intracellular covalent binding of these compounds 
(65, 97). ■
From the apparent kinetics of accumulation of putrescine, 
and from the structure-activity studies for its inhibition, 
it is possible to draw certain conclusions about the nature of 
the receptor for uptake.
Since the Km for the uptake of putrescine is known it is 
possible to determine the overall change in free energy of 
interaction of putrescine with its receptor from the equation
A.F = -ET In Km 
(where AF = change ,in free energy
]R = Universal gas constant (1.99 cal/deg. mol)
T = Absolute temperature (K) ) 
at 37.9°C this may be written as
AF = -1.422.log Km[Kcal/mol] (ref 221).
\Application of this equation gives a value of 
AF = -7 Kcal/mol for the interaction of putrescine with its 
receptor for uptake. This suggests that the major binding forces 
involved are electrostatic bonds.
As described by Webb (222), the relationship between free 
energy of interaction and inhibitory potential for a competitive 
inhibitor (at 37.5°0) may be expressed as:
A F = 1.4-22 log K.i
The difference in binding energy between two structurally 
related inhibitors; may thus be expressed as:
AF. - AF_ - 1.4-22 log K. •
i 2 & i1
K._i2
(where = the apparent inhibitor constant)
Since K. = (i)Q-i)
xi
(where I = inhibitor concentration (M) 
i = fractional inhibition
= 1 + S/ )
S
if equipotent inhibitor concentrations (e.g. I-.. (M)) are taken, 
then:
AF1 - AF2 = 1.4-22 log (In)
T O
50
2'50
If the two inhibitors are closely related, this calculated 
difference in binding energy will be due predominantly to 
differences in their structure and independent of external 
forces. However, if, for example, a polar group is substituted 
for a non-polar group the calculated difference will only give 
a poor estimate of the difference in interac-tion energies.
This is because the AF value for the polar group will be subject 
to external effects which are not relevant to the interaction of 
the non-polar group. Clearly, therefore, although the effects 
of adding alkyl (-CH^ *) groups to the diamines may be considered 
accurately, the effect of removal of -NIL, groups may only be 
estimated.
The relative energies of interaction of the diamines 
(Table 7.1) suggest that there is an extra electrostatic bond 
in the binding of putrescine to the receptor which is not present 
for 1,3 diamino propane. This result suggests that receptor 
possesses two cation binding regions. An increase in the 
alkyl chain length from 4- (putrescine) to 5 (cadaverine) suggests 
that in the interaction of the latter there is less van der Waals 
bonding. When the alkyl chain length is again increased to 6 
(1,6 diamino hexane) the hydrophobic bonding is apparently 
r©covered to a level similar to that observed for putrescine.
The difference between the free energies of binding of 1,6 diamino- 
hexane and cystamine is 0.4-3 kcal/mol which suggests that the 
replacement of the central -CH2-CH2- region of the former with 
-S-S reduces the binding ability of the central region of the
Table 7«1 The differences in the free energies of interaction
of diamines with the receptor site for the accumulation
of putrescine
Compound ^50^
(yuM)
AFr AF2°
(kcal/mol)
AF^-AF^ kcal/mol
-ch2-
1,3 diaminopropane 12 4-
■u ) 1.4-2 1.4-2
Putrescine 12.5
) -0.4-5 -0.4-5
Cadaverine 26
) 0.53 0.53
1,6 Diaminohexane 11
) 0.20 0.10
1,8 Diaminooctane 8
) 0.08 0.04-
1,10 Diaminodecane 7
Concentration of diamine inhibiting putrescine (1 uM) accumulation 
into rat lung slices by 5Q70
Hypothetical value determined from the apparent kinetics of 
accumulation of putrescine for the competitive inhibition of 
the uptake of a compound with similar kinetics
c The difference in the free energies of interaction of tf.,w-diamino- 
alkanes of increasing alkyl chain length
^ The mean difference in the free energies of interaction of 
&,to-diamino alkanes for addition of one -CH^- moiety
compound by approximately 1 van der Waals bond. The binding 
energies of the long chain diamines (n = 8.-10) are only marginally 
greater than that of 1,6 diamino hexane which suggests that their 
molecules are considerably bigger than the receptor site and must 
fold before they are able to bind.
The approach employed here will only give a rough estimate
of the difference in free energy of binding between the mono-
and diamines. When determined for putrescine and n-butylamine
a difference in free energy of 1.6 KCal/mol is obtained and
for putrescine and propylamine a value of 2.5 kcal/mol is apparent,
The magnitude of these values clearly suggest the binding of
putrescine to the receptor includes an extra electrostatic
bond, which does not occur with either of the monoamines. This
bond is undoubtedly related to the presence of the second -NH^
group of putrescine. These results imply that the binding of
putrescine to its receptor, for uptake, involves the formation
+
of two electrostatic bonds, between the terminal - NH_ groups
j
and the receptor, and the formation of hydrophobic links, between 
the central regions of the molecule and the receptor.
Further information about the nature of the putrescine- 
receptor interaction may be obtained from the Hill equation
log
V —ymax
= n log [S] - log K (221, 223)
where n is a measure of the number of substrate-receptor binding 
sites..
A graph of log —— 2--  vs log S for putrescine accumulation
max v
into rat lung slices, determined in Chapter k, yields a value of 
n = 0.98 (r 0.99) (Fig- 7-1). Similarly, from the data of 
Smith and Wyatt (97) & value of n which also approximates to 1 is 
obtained. These data indicated a 1 : 1 putrescine-receptor 
interaction for uptake.
The studies on the accumulation of putrescine by rat lung 
slices (Chapter 9) suggest that the natural substrates for the 
system must posses two cationic regions which are separated by at 
least four atoms. In the absence of a "better fitting" endogenous 
substrate, it appears plausible that putrescine and the other 
endogenous polyamines, spermidine and spermine are the natural 
substrates for the system.
The accumulation of the polyamines by mammalian cells has
also been described in a number of other in vitro systems.
Field at al (212), investigating the anti-leukaemic drug,
methylglyoxal. bis (guanyl hydrazone) (methyl GAG), first
suggested that human leucocytes possessed specific diamine
or polyamine binding sites. Subsequently, Dave and Caballes (213) .
reported the accumulation of spermidine, into mouse leukamia
L1210 cells, by a facilitated diffusion system, which obeyed
saturation kinetics (Table 7-2). The accumulation of putrescine
into cells in culture has also been described, Pohjanpelto (22k)
determined apparent values of Km and V in human lung fibroblasts
max 0
(Table 7-2) and reported that spermidine or spermine inhibited 
this uptake, but ornithine and other amino acids had no effect.
/ \
Fig. 7«1« Hill plot of the accumulation of ( C 1 putrescine by
rat lung slices
>data from 
Chapter 4- 
slope = 0.98 
r = 0.99
® log (putrescine medium)
"Results plotted are those obtained using University of Surrey Wistar 
rats (©— ©) (Chapter f^) and those reported by Smith & Wyatt (N— *) (97) 
for the accumulation of putrescine by rat lung slices.
v = rate of accumulation of putrescine (nmoles/g wet wt lung/hr)
The accumulation of putrescine, spermidine and spermine has also 
been observed in Chinese hamster ovary cells and rat myoblast 
cells (2,'lk) and in Erlich Ascites cells (211) in culture.
Polyamine accumulation has also been reported into brain 
and lung. Pateman and Shaw (199) found that spermidine and spermine 
were both accumulated by slices of mouse cerebral hemispheres by 
a process which obeyed saturation kinetics (Table 7»2). This 
uptake could be inhibited by putrescine and spermine or spermidine 
(whichever was not the substrate), was energy dependent, being 
inhibited in the presence of cyanide or at 12°C, and was sodium 
independent. Both spermidine and spermine are also accumulated 
in rabbit, from cerebrospinal fluid into the chord plexus by a 
system which obeys saturation kinetics (Table 7.1) at low concentrations 
but at high concentrations, diffusion may also occur (200). Two 
further systems for the accumulation of spermine into slices of 
rat cerebral cortex have recently been reported (220). These two 
systems are high affinity saturable systems (Table 7.2) which are 
sodium dependent and inhibited by ouabain and thus different to 
the .systems previously described for the accumulation of polyamines 
into the brain (97? 199)• A possible explanation for this difference 
is that the cellular content of the preparations of rat cerebral 
cortex used in these recent studies (220) is mainly neuronal 
whereas in other studies (97> 199) preparations contained both 
glial and neuronal cells. It appears, therefore, that a 
polyamine uptake system of the brain, which appears similar 
to that in the lung, exists in the glial cells but that polyamine
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uptake into neurones occurs by different system(s) with higher 
affinities (Table 7*'0*
The accumulation of putrescine into rat lung slices is 
similar to the low affinity system reported in mouse brain 
(199) as it is sodium independent and obeys saturation kinetics 
although at high substrate concentrations diffusion may also 
occur. In vivo administration of paraquat to rats reduces 
the subsequent accumulation of putrescine by lung slices (97)* 
By implication, since paraquat, at the dose administered, is 
specifically toxic to the Type I & II alveolar epithelial 
cells (85) it has been concluded that it is these cells which 
are responsible for the pulmonary uptake of putrescine.
It is clear that a range of cells possess the potential 
to accumulate polyamines in vitro, although the importance 
of these processes in vivo has yet to be determined. The 
reported kinetic parameters, for these uptake systems, vary 
considerably (Table 7*1) but similarities, in the inhibitory 
effects of other, polyamines upon them, suggest that a- number 
of them may have much in common. These similarities may also 
perhaps give, an indication of the role of the polyamines 
in the lung.
In the brain, spermine has a possible modulatory or 
transmitter function (255) and such a role may account for the 
two, high affinity uptake systems described by Harman and Shaw 
(220). The most commonly proposed role of the polyamines is in
\270
the regulation of tissue growth and recovery from injury 
(Chapter 1.5). In vitro, polyamines at physiological 
concentrations stimulate RNA polymerases (1^ 4, 1^ -8), an effect 
emulated by metallic cations (e.g. Mg ) only at higher, 
non-physiological concentrations. The mechanism of this 
action is probably not direct but is due to an induced 
conformational change in the template, {double stranded DNA) 
or affect the product (RNA) (l^ fS). Activation of ribosomal 
RNA synthesis also involves a polyamine dependent stimulation 
(18A).
The polyamines are also able to alter the conformation 
of transfer RNA (226) and this probably accounts for their 
ability to stimulate protein biosynthesis in vivo and enhance 
the fidelity of translation (185).
It is difficult to relate these functions to a requirement 
for uptake in the cells in v/hich polyamine has been noted.
The similarities of the systems of uptake particularly in 
thick brain slices and lung slices, suggest that they, may be 
the same. One might therefore speculate that the purposes of 
the systems are the same. Both glial cells in the brain and 
alveolar epithelial cells in the lung have roles in maintaining 
physical and chemical surroundings in their respective organs.
In the brain, glia form a network for neurones and are 
important for the general metabolism of the brain. The alveolar 
Type I or II cells of the lung maintain the lining of the gas 
exchange region of the lung, produce pulmonary surfactant and
are relatively metabolically active. One might therefore 
speculate that the polyamine accumulation system, in both 
groups of cells, represents an intercellular mechanism of 
regulating cell growth and metabolism. On a wider scale such 
a system might be important for the maintenance and regulation 
of tissue and organ architecture and hence i-ts integrity.
Appendix 1
The determination of the potential of paraquat to inhibit (Ir-Q) 
the accumulation of putrescine (1 ^ M) into rat lung slices
Range finding studies (Chapter 5-2) indicated that the
concentration of paraquat required to inhibit the accumulation
-
of putrescine (l^cM) into rat lung slices was between 2-7-10 M.
The inhibitory effect of concentrations of paraquat of 
between 2.10 - 10 H, upon the rate of putrescine (l^tM)
accumulation was therefore measured, using lung slices from 1 
rat (Fig A.1). A progressive decrease in the rate of accumulation 
of putrescine was observed in the presence of increasing 
concentrations of paraquat (Table A1).
/ l^f- \Table A1 The accumulation of ( C) putrescine (1 ^M) in the presence
of paraquat (2.10 - 10^ M)
Concentration of 
Paraquat (M)a
Rate of accumulation 
of putrescine c 
(v-)
lnv
>
In [Paraquat]' 
(H)
0 32
-Zf 
10 M 22 3-09 - 9-21
Ul t o
1
17 2.83 - 8.11
‘■S'*
k'Tio 10 2.30 - 6.91
2.10~\ 7 1-93 - 6.22
cL O  *)
lung slices were incubated, at 37 C, in HBS containing ( c)putrescine 
(0.1^ «-Ci/3 ml). Unlabelled paraquat was added to each flask, to give 
the required concentration, before the start of the experiment. The 
amount of putrescine accumulated by the slice was measured after 10,
20 or 30 minutes of incubation.
k units=nmoles/g wet wt lung/hr
c
rate determined by linear regression, weighted as described, Chapter 4-.1.
Figure A1 The accumulation of putrescine (1^M) into rat lung; slices;
inhibition by paraquat (2 . 10 ^ - 1 , 10 ^ M)-4-
control
15 “
,+PQ
-h
+PQ 3.10 1
rH
+PQ 2.10 '
•H
3010 200
Incubation time (min)
Lung slices were incubated at 37°C in HBS containing (^C) 
putrescine (0.1/tCi/3 ffll). Incubations also contained paraquat 
dichloride (PQ) (2.10~^M-V, 10“^M -A, 3.10 M - x, 10 M - +, 
0 M (control) - 0 ).
The rates of accumulation of putrescine (lyWM) were subsequently- 
plotted gainst the concentration of putrescine in the incubation medium, 
on a ln-ln scale (Figure A.2). The concentration of paraquat causing 
5Q& inhibition of putrescine (1 u^M) accumulation, the 1^^ value, 
was then determined by linear regression:
Parameters of the plot from figure A.2:
lnv = -0.37 InfParaquat) - 0.26
(correlation coefficient, r = 0.99)
/V control = 16 nmol put/g wet v/t lung/hr)
2
n T In 16 + 0.26 o 
111 ^ 0  = --"-0.37 = _ 8 -21
I1:„ = 2.76 . 10-if M 
>0
This determination was next repeated using lung slices from
two other animals and a range for the I_._ determined:
30
(I50 ( + S.E.M.) = 5.2(+ 1-3) .10 M.
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Figure.A2 The accumulation of putrescine C1/*M) into rat lung slices
3 -if
inhibition by paraquat (2.10 - 10 M), In-ln plot
control rate of
putrescine accumulation
3.0 “
slope = -0.37
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